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Kurzfassung
Der Large Hadron Collider wird ab 2023 an seine Experimente fu¨nf bis zehn mal mehr Lu-
minosita¨t als der derzeitige Designwert von 1034 cm−2s−1 liefern ko¨nnen. Diese Verbes-
serung wird die Messung von physikalischen Prozessen mit sehr kleinen Wirkungsquer-
schnitten erlauben. Jedoch wird bei diesen hohen Luminosita¨ten, aufgrund von Pile-up
Wechselwirkungen, die Belegung des CMS-Detektors sehr hoch sein. Dies wird einer-
seits einen systematischen Anstieg von Triggerraten fu¨r einzelne Myonen verursachen,
Andererseits werden die Fehlmessungen von Myon-Transversalimpulsen, versta¨rkt durch
die begrenzte Impulsauflo¨sung des Myon-Systems, fu¨r hohe Impulswerte dominant sein.
In diesem Bereich flacht die Verteilung der Triggerrate ab, was die Beschra¨nkung der
Triggerrate durch eine Schwelle der Transversalimpulse erschwert. Außerdem wird die
Qualita¨t des Triggers fu¨r einzelne Myonen durch koinzidente Teilchendurchga¨nge ver-
ringert, da diese zu Doppeldeutigkeiten in den innersten Myonkammern fu¨hren ko¨nnen.
Im Rahmen der Vero¨ffentlichung [2] wurde im Jahr 2007 ein Muon Track fast Tag (MTT)
genanntes Konzept vorgestellt, um diese Trigger-Herausforderungen zu adressieren.
Die, in dieser Arbeit durchgefu¨hrten Studien sind in drei Abschitte unterteilt. Bezu¨glich
des MTT-Vorschlags bescha¨ftigt sich der Hauptteil mit konzeptionellen Untersuchungen
einer mo¨glichen Triggererweiterung fu¨r Myonen bei Proton-Proton Kollisionen im CMS-
Experiment. Dabei liegt der Fokus auf der fundamentalen Frage der Detektierbarkeit
von Myonen mit einem Szintillatorsystems, das mit Silizium Photomultipliern ausgele-
sen wird. Das Hadron Outer Kalorimeter von CMS ist ein solches System, welches fu¨r
Studien zur Beantwortung dieser Frage benutzt wurde.
Im zweiten Teil ist der Einbau des MTT-Systems in die Geometriebeschreibung des
CMS-Detektors erla¨utert. Dabei ist es wie ein technisches Rezept aufgebaut, welches
zum Versta¨ndnis des Einbaus eines neuen Detektorsystems in die Detektorbeschreibung
von CMS beitra¨gt.
Der letzte Teil dieser Arbeit befasst sich mit Geant 4 Simulationen des ersten Prototyp-
Detektormoduls von MTT. In diesem Teil sind, zusammen mit dem Aufbau der Simu-
lation, ausgewa¨hlte Resultate vorgestellt.
Abstract
As of 2023, the Large Hadron Collider can provide its experiments with five to ten times
more luminosity than the current design value of 1034 cm−2s−1. This upgrade will allow
for the measurement of physics processes with very small cross sections. However, at
these high luminosities, due to the pileup interactions, the detector occupancy will be
very high. This will cause, on the one hand, a systematic increase of the trigger rates
for single muons. On the other hand, amplified by the limited momentum resolution
of the muon system, mismeasurements of the transverse momenta of muons will be
dominant in the high momentum regime. In this region, the trigger rate distribution will
saturate and the rate limitation with a transverse momentum threshold will be difficult.
Furthermore, the quality of the single muon trigger at Level 1 will be decreased due to
coincident particle transitions causing ambiguities in the innermost muon chambers. In
2007, a concept called Muon Track fast Tag (MTT) was introduced in the scope of [2]
to address these trigger challenges.
The studies, performed in this thesis, are divided into three parts. Concerning the MTT
proposal, the main part deals with conceptual investigations on the possible trigger
extension for muons from proton proton collisions in the CMS experiment. Thereby, the
focus lies on the fundamental question of the muon detection capability of a scintillator
system with SiPM readout. Such a system is the Hadron Outer calorimeter of CMS
which is used for studies to answer this question.
In the second part, the integration of the MTT system in the geometry description of
the CMS detector is outlined. Thereby, it is written as a technical recipe which allows
the understanding of the implementation of a new detector system in the CMS detector
description.
The last part of this thesis focuses on the Geant 4 simulations of the first MTT prototype.
In this part, together with the simulation setup, selected results are introduced.
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Chapter 1
Introduction
Nowadays, a good understanding of elementary particles and their interactions is justi-
fied by the standard model of particle physics [68]. Although a variety of the aspects of
this model has been investigated thoroughly by experiments in the last decades, like in
[3, 12], it can not describe all fundamental physics in its current form. For instance, the
gravitation, as one of the four fundamental interactions, is not included in the standard
model. Furthermore, due to their different strengths, the unification of the electroweak
[75] and the strong interactions is only hypothetically possible at very large energy
scales. Moreover, the standard model contains, assuming non-zero neutrino masses, 21
free parameters whose measurement is inevitable for a full mathematical description of
the model. This property is in conflict with the aim of a simple and consistent theory.
The standard model also can not provide an explanation concerning the dark matter
and the hierarchy problem. Due to these issues, the standard model has to be extended.
Above all these, the postulated Higgs boson, as the intermediator of the mass, was not
discovered at the end of the 20th century. The Large Hadron Collider (LHC) was built
from 1998 to 2008 at the European Organization for Nuclear Research, CERN (derivated
from Conseil Europe´en pour la Recherche Nucle´aire), in Geneva to discover the Higgs
boson and to investigate theories extending the standard model, like Supersymmetry
(SUSY).
From February 2010 to March 2013 the first run period of this ring accelerator with
27 km length was on-going. In this time, at a center-of-mass energy of 7TeV (in 2010
and 2011), around 5.6 fb−1 of collision data has been collected from proton-proton in-
teractions. At 8TeV (in 2012) the amount of collected data was around 21.8 fb−1. The
collisions occurred at four interaction points around which experiments are built varying
significantly from each other by the structure of their detectors and by their objectives.
Compact Muon Solenoid (CMS) is one of these experiments being (like ATLAS) a so-
called multi-purpose experiment. In July 2012 the ATLAS and CMS collaborations
published results concerning the discovery of a Higgs boson like particle [1], [27]. With
1
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the first long shutdown starting in March 2013 the data taking paused to overhaul the
accelerator and the experiments.
Within the scope of two more shutdowns, LHC and CMS will be upgraded to operate
at five to ten times more luminosity than the design luminosity of 1034 cm−2s−1 as of
2023. This upgrade is required to measure processes with very small cross sections.
However, at these luminosities the particle rates are expected to be very high, since to-
gether with the hard interaction up to 200 additional interactions per bunch crossing are
expected. These interactions are called pileup and occupy the detector with additional
tracks as well as cause a systematic increase of the trigger rates for instance for muons.
Furthermore, the distribution of the muon trigger rate as a function of the transverse
momentum of the muons will flatten due to the mismeasurement of the muons with low
transverse momenta. Another issue arising at high luminosity operation is the signifi-
cant increase of ambiguities in the muon system. With additional information from a
fast muon tagger, like the proposed Muon Track fast Tag (MTT) system, it is planned
to address these challenges.
In this thesis, a general introduction to LHC and the CMS experiment with the upgrade
plans is given. Afterwards, in chapter 3, the initial idea of MTT is outlined. More-
over, together with the progress of the concept through the last years, an alternative
approach is introduced, which is developed within the scope of this thesis. In chapter 4,
the hadron outer system of the CMS detector is described in detail. This system, which
could realize the MTT idea, is the subject of the studies in this thesis. These studies
are presented in chapter 5, including the determination of the detection efficiency of
muons from 2012 collisions data and from cosmic radiation in the hadron outer system.
In the following chapter 6, the Geant 4 simulation of the first prototype detector for
MTT and some selected results are shown. Furthermore, in the scope of this thesis the
detector description of MTT is implemented in standard CMS geometry allowing future
studies on benefit of this system. This is described in chapter 7. A conclusion is given
in chapter 8 followed by the outlook in chapter 9.
Chapter 2
The Large Hadron Collider and
the Compact Muon Solenoid
Experiment
In this chapter, an introduction to the Large Hadron Collider (LHC) and the Compact
Muon Solenoid (CMS) detector is given. The technical information concerning the LHC
is obtained from [14], where a more detailed description can be found. The description
of CMS together with a definition of the relevant kinematic variables, can be found in
[24]. At the end of the chapter, the future upgrade plans of CMS are outlined (see [38]
for more details).
2.1 The Large Hadron Collider
The LHC is a circular hadron accelerator with a circumference of 27 km built in the
tunnel of the Large Electron-Positron Collider (LEP) [36] at CERN. The accelerated
objects are protons and/or lead nuclei. While the investigation of proton interactions
was supposed to make a direct measurement of the Higgs boson [49] possible, collisions
of lead nuclei are expected to generate a quark-gluon-plasma [76]. In July 2012 two
LHC experiments, ATLAS and CMS, published results concerning the discovery of a
Higgs boson like particle [1], [27]. Studies on physics beyond the standard model, like
Supersymmetry (SUSY) [19], several models of extra dimensions [10], [74] and other
exotic searches like 3rd generation leptoquarks [55], heavy neutrinos [54] etc. are other
main physics topics of the LHC.
The LHC accelerator contains 1232 dipole magnets providing an energy increase of 0.5
MeV per turn for pre-accelerated protons. The pre-acceleration, as it is shown in Fig. 2.1,
is done in several steps:
3
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Figure 2.1: Schematic overview of the LHC accelerators with the pre-accelerator chain
consisting of the Super Proton Synchrotron (SPS), the Proton Synchrotron
(PS) and the boosters p and Pb. From [46].
1. Linear Accelerator 2 (LINAC 2) accelarating protons to 50MeV,
2. Proton Synchrotron Booster (PSB) increasing the proton energies to 1.4GeV,
3. Proton Synchrotron (PS) accelerating protons to 26GeV energy,
4. Super Proton Synchrotron (SPS) speeding up protons to 450GeV.
The protons are assembled in so-called bunches. At collisions of these bunches the
number of generated events in a certain time is given by N˙ , as shown in equation 2.1
N˙ = σ · L, (2.1)
with the cross section σ of the underlying process and a proportionality factor, the
luminosity L. The luminosity is defined as shown in equation 2.2
L = γfnBNp
2
4pinβ∗
F, (2.2)
where γ is the Lorentz factor, f is the revolution frequency, nB is the number of bunches,
NP is the number of protons per bunch, n is the normalized transverse emittance (design
value 3.75µm), β∗ is the beta function at the interaction point, and F is the reduction
factor due to the crossing angle. The design luminosity of LHC is L = 1034 cm−2s−1
allowing up to 109 proton proton interactions per second. Thereby, beside the hard
interaction of gluon-gluon fusion or quark-antiquark annihilation additional soft inter-
actions per bunch crossing are expected. These so-called pile-up interactions increase
the track density in the detector tremendously (see Fig. 2.2).
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Figure 2.2: An event showing several reconstructed vertices (yellow), the corresponding
tracks (green) in the tracker and their calorimetry measurements (red and
blue) recorded in a high-pile-up run [51].
At four interaction points along the LHC ring, four main experiments are built (see
Fig. 2.3). While ATLAS (A Toroidal Lhc ApparatuS) and CMS (Compact Muon
Solenoid) are both multi-purpose experiments, ALICE (ALarge IonColliderExperiment)
is specialized on Pb-Pb interactions and LHC-b (Large Hadron Collider beauty) on
physics with hadrons containing b-quarks. Studies and concepts introduced in this
Figure 2.3: Overview of LHC and its four main experiments at four interaction points.
In addition injection directions, the beam dump, and the cleaning points
are depicted. Taken from [46].
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thesis are developed within the CMS experiment and hence the CMS detector will be
explained in detail in the following section.
2.2 Compact muon solenoid (CMS)
2.2.1 Overall concept
The CMS apparatus is developed to investigate the TeV mass scale where important
discoveries in particle physics are expected. The detector has three main features giving
the name of Compact Muon Solenoid. With its 21.6m length, 15m diameter and 14 000
tons weigth CMS is smaller and denser (therefore compact) compared to the ATLAS
detector. The second feature is a strong focus on themuon system embedded in the steel
flux-return yoke with around 4m in radius allowing precise momentum measurements
of muons. The third and central feature of the CMS apparatus is a superconducting coil
with a solenoid field of 6m internal diameter, providing a magnetic field of 3.8T.
The CMS detector is arranged around a right-handed coordinate system with its origin
at the interaction point and its z-axis pointing in the beam direction (see Fig. 2.4). The
y-axis of this coordinate system is pointing vertically upward and the x-axis radially
toward the center of the LHC. In the x-y plane the ϕ angle and in the y-z plane the θ
angle is defined. In particle physics, instead of the θ coordinate the pseudorapidity η is
commonly used:
η = − ln(tan(θ/2)) (2.3)
Figure 2.4: The coordinate system of CMS. Adapted from [57].
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Furthermore, the CMS detector is divided in one barrel and two endcap regions. In the
barrel region surrounded by the coil, a silicon pixel and strip tracker, parts of a lead-
tungstate, crystal, electromagnetic calorimeter (ECAL), and parts of a brass/scintillator
hadron calorimeter (HCAL) are located. Some subsystems of ECAL and HCAL like the
preshower and the calorimeters in forward direction are deployed in both endcaps. The
muon system is segmented in four stations consisting of gas-ionization detectors like
the drift tubes (DT) in the barrel region and the cathode strips chambers (CSC) in the
endcaps. The resistive plate chambers (RPC) are used in both, the barrel and the endcap
region of the muon system. An overview of the CMS detector with its subdetectors is
depicted in Fig. 2.5.
C ompac t Muon S olenoid
Pixel Detector
Silicon Tracker
Very-forward
Calorimeter
Electromagnetic
Calorimeter
Hadronic
Calorimeter
Preshower
Muon
Detectors
Superconducting Solenoid
Figure 2.5: Overview of the CMS experiment. Taken from [39].
2.2.2 Superconducting solenoid
The superconducting magnet of CMS with its 220 t mass has three distinguished features
compared to the magnets so far used for particle detectors. The first feature is the
number of winding layers. The magnet has four layers of winding to ensure a 3.8T
magnetic field and a stored energy of 2.6GJ at full current. The second property is an
aluminium alloy for the conductor which is made of a superconducting cable co-extruded
with pure aluminium. The third attribute is the size of the coil. Having a ∆R/R ∼ 0.1
the CMS solenoid is a thin coil, where R is the radius and ∆R the radial extent. In
Fig. 2.6 the CMS magnet is depicted. The magnetic flux outside the solenoid is returned
by the steel yoke, resulting in a bending for the charged particles in the counter direction
compared to the bending direction caused by the inside magnetic field. This yoke, as
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Figure 2.6: The superconducting solenoid of the CMS experiment [24].
depicted in Fig. 2.5 in between the muon detectors, has an overall weigth of 10 000 t and
is composed of 11 large elements.
2.2.3 The tracker system
This system containing the pixel detector and the strip tracker is designed to measure
precisely the trajectories of the charged particles. At the design luminosity every 25 ns
more than 1000 particles are expected to traverse the tracker. This requires high gran-
ularity and fast response.
The pixel detector
The pixel tracker, the innermost detector of the CMS experiment in the barrel region,
has to deal with the highest track occupancies. At design operation it is expected to
cope with hit densities up to 1MHz/mm2. Therefore, this system consists of 66 million
pixels in total, which are arranged in three barrel layers (BPIX) and in two discs on
each endcap side (FPIX), as can be seen in Fig. 2.7, covering a pseudorapidity range
of |η| < 2.5. One of the main tasks of the pixel tracker is the precise measurement
of the impact parameter, which is important for the reconstruction of the secondary
vertices and hence for the tagging of the b jets. The formation of seeds for the outer
track reconstruction algorithms during high level triggering (see section 2.2.7) is also
done by the pixel detector. In Fig. 2.8 the hit finding efficiencies in the pixel tracker as
a function of the instantaneous luminosity obtained from 8TeV data are shown. The
overall efficiency of the pixel detector is very high, though for high luminosities a drop
Chapter 2. Large Hadron Collider and Compact Muon Solenoid 9
0.53 
m
0,2 m
Figure 2.7: The pixel detector of CMS. The three BPIX layers in the barrel (green) and
the two FPIX discs (red) in each endcap are shown. Taken from [24] and
modified.
Figure 2.8: Hit finding efficiencies in three barrel layers (red, blue and green) and in
two forward discs (black and magenta) as a function of the instantaneous
luminosity [67].
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in the innermost layer can be observed. This is caused by high track densities in this
region.
Strip tracker
The strip tracker is divided into four parts as depicted in Fig. 2.9.
Figure 2.9: The tracker system of CMS with all its subdetectors [14].
With the Tracker Inner Barrel (TIB) and the Tracker Outer Barrel (TOB) there are two
parts with readout units parallel to the beam axis. The Tracker End Cap (TEC) and
the Tracker Inner Discs (TID) are the other two parts with readout units perpendicular
to the beam direction.
The two innermost layers of TIB are containing double sided modules of silicon sensors
while the outer two layers comprise of single sided modules. Similar to TIB, TOB is
consisting of six layers with two of them being double sided and the remaining four
being single sided. Due to the smaller radiation exposure in TOB the sensors are thicker
by having a good S/N ratio for longer strip length and wider pitch. In the innermost
positions TID is containing two double sided discs whereas the outermost disc is single
sided. Both TECs are consisting of nine discs with single and double sided layers.
Overall the strip tracker has 15 400 modules operating at a temperature around +4 ◦C
until the end of the data taking in Run-I. In the run period 2 in 2015 this operation
temperature will be decreased to around −15 ◦C. The self heating of the sensors and
the reverse annealing require the operation at low temperatures. Details on these effects
can be found in [24].
In Fig. 2.10 the performance of the strip tracker during the data taking in 2011 is shown.
Modules within the subdetectors of the strip tracker included in the readout (referred
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Figure 2.10: Average hit efficiencies in the strip tracker from 2011 data. The efficiency
in all modules is shown in black and in modules included in the readout
in red [23].
with “Good modules”) have an efficiency of almost 100% ensuring the precise track
reconstruction and momentum measurement of charged particles.
2.2.4 Electromagnetic Calorimeter (ECAL)
Electromagnetic interacting particles like electrons and photons are detected in the lead
tungstate (PbWO4) crystal detector. There are three parts of ECAL shown in Fig. 2.11.
The barrel part (EB) covering |η| < 1.479 is divided in 360 parts along the ϕ-angle and
in 2× 85 parts along the pseudorapidity η resulting in up to 200 crystals. Each crystal
Figure 2.11: The electromagnetic calorimeter of CMS. All subsystems with η coverages
are shown.
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has a length of 230 mm corresponding to 25.8 interaction lengths XO. In addition, there
are up to 324 crystals in each of the ECAL endcaps (EE) with a crystal length of 220mm
corresponding to 24.7 X0. EE extends the pseudorapidity coverage of the electromag-
netic calorimeter to |η| < 3.0. The high granularity and compactness is a result of the
characteristics of PbWO4 like its high density of 8.28 g/cm3, its short radiation length
of 0.89 cm and its small Moliere radius of 2.2 cm. Thereby, the Moliere radius defines
the lateral extension of the electromagnetic showers.
Identifying neutral pions decaying into two photons in the endcaps within a range of
1.653 < |η| < 2.6 is the main task for the ECAL preshower (ES). Furthermore, this sys-
tem is used to improve the position determination of electrons and photons in the forward
region. This subdetector with a total thickness of 20 cm is a sampling calorimeter with
two layers. Lead is used as radiator to induce the electromagnetic showers. Silicon strip
sensors afterwards measure the lateral shower extension and hence the deposited energy
of these showers. While all EB crystals are readout by Avalanche Photodiodes (APDs)
[13], for the readout of EE crystals vacuum phototriodes (VPTs) [17] are deployed.
The energy resolution of ECAL for energies on the GeV scale is given as
(σE
E
)2
=
(
S√
E
)2
+
(
N
E
)2
+ C2. (2.4)
The stochastic term S has three main contributions:
• fluctuations in the lateral shower containment,
• photostatistics,
• fluctuations in the energy deposited in the preshower absorber with respect to
what is measured in the preshower silicon detector.
Test beam studies [6] have shown that a typical value for S is around 2.8%. Same
studies also predict the noise term N containing the electronics, the digitization and the
pile-up noise to be at around 12%. The constant term C depends on non-uniformity
of longitudinal light collection, intercalibration errors and leakage of energy out of the
crystal. Its value with 0.30%, obtained in test beam studies [6], is very low compared
to the other two contributions.
The energy resolution of ECAL during the data taking in 2012 is determined using
electrons from Z-boson decays and is depicted in Fig. 2.12. The resolution is mainly
affected by the amount of material in front of the ECAL and is reduced in the vicinity
of the η cracks between ECAL modules (vertical lines in the plot). Overall the energy
resolution of ECAL was about 1-4 % in the barrel and 5 % in the endcap region.
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Figure 2.12: Relative electron (ECAL) energy resolution unfolded in bins of pseudo-
rapidity η for the barrel and the endcaps. Electrons from Z-boson decays
are used [30].
2.2.5 Hadronic Calorimeter (HCAL)
There are four subdetectors of HCAL being placed behind the tracker and ECAL units
as shown in Fig. 2.13.
Figure 2.13: The hadronic calorimeter with its subdetectors Hadron Outer (HO),
Hadron Barrel (HB), Hadron Endcap (HE), and Hadron Forward (HF)
together with the muon system, tracker and the solenoid in the positive z
direction. The grey lines show the pseudorapidity ranges [24].
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Barrel region
In the barrel region the inner part of HCAL is called HB covering the pseudorapidity
range of |η| < 1.3. It is the outermost sensitive detector inside the solenoid. This sub-
detector is a sampling calorimeter and consists of two half-barrel sections with overall
36 identical azimuthal wedges. The absorber material is made of brass and is aligned in
flat plates parallel to the beam axis. For structural strength stainless steel is deployed in
the innermost and outermost absorber layers. As active material 3.7-mm-thick plastic
scintillators are chosen. The light collection and guiding is done by green double-cladded
wavelength-shifting (WLS) fibres of 0.94mm diameter placed in a groove in the scintilla-
tor. Hybrid photodiodes (HPDs) are used for the readout of the signals. For calibration
purposes an additional fibre enters each HPD injecting light of either a laser or an LED.
The outer parts in the barrel region are outside the solenoid called Hadron Outer (HO).
Since this thesis contains studies with HO this system is explained in more detail in
section 4.
Endcap region
The endcap part of HCAL is divided in the Hadron Endcap (HE) and Hadron Forward
(HF). The HE is a sampling calorimeter and can measure objects traversing the pseu-
dorapidity range of 1.3 < |η| < 3. In this region high counting rates in the order of
MHz and high radiation up to 0.1MGy per 10 years of operation are expected. There-
fore, together with the radiation hardness the HE has to deal with high particle rates.
Furthermore the absorber material has to be insensitive to magnetic fields. The latter
is required due to the position of HE at the end of the magnet. For the absorber plates
brass is chosen whereas as active material plastic scintillators are deployed, located in
gaps between the absorber plates. WLS fibres collect the signals inside the scintillators
and optical cables transfer the signals to the multipixel-HPD readout. HE is segmented
in 36 identical ϕ-wedges called megatiles.
In very forward regions (|η| > 3) the subdetector Hadron Forward (HF) is used. Due to
the expected radiation dose up to 10MGy after ten years of operation a detector con-
cept containing an active material with very high radiation hardness is required. Quartz
fibres are chosen as the active material in which the signal is generated by Cherenkov
light of charged shower particles. The signal is guided by fibres to photomultipliers.
Overall, HF consists of 900 towers and 1800 channels in two modules.
HCAL is responsible for the measurement of hadronic jets and missing transverse en-
ergy (MET or ET ) resulting from the appearence of neutrinos and possibly stable exotic
particles. Thereby, ET is defined as the negative of the vector sum of the transverse
momenta of all final-state particles reconstructed in the detector. In CMS, commonly,
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the particle flow technique [15] is used to reconstruct ET (PF ET ). The reconstruction
efficiency using the data taken in 2012 is shown in Fig. 2.14.
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Figure 2.14: Missing transverse energy (ET ) distributions for events passing the dijet
selection without 2012 cleaning algorithms applied (open markers), with
the 2012 cleaning algorithms applied including such, basing on jet iden-
tification requirements (filled markers), and events from MC (filled and
stacked histograms) [34].
The raw data describe the Monte Carlo prediction up to the missing transverse energies
of 300GeV very good. Above this value the sum of the transverse momenta of the re-
constructed final-state particles and hence the reconstructed ET is larger than expected.
Therefore, for higher values of ET a correction has to be applied in order to reduce the
measured MET (cleaned data).
The jet response, defined by equation 2.5
response =
precoT
pgenT
, (2.5)
as a function of the Monte Carlo truth information of the transverse momentum of jets
pgenT , is shown in Fig. 2.15 for different pile-up scenarios. Due to the pile-up contamina-
tion and uncertainties in the scale of jet energies the measured transverse momentum of
jets is higher than the MC truth. After pile-up cleaning and jet energy correction the
reconstructed pT describes the MC truth very well.
Chapter 2. Large Hadron Collider and Compact Muon Solenoid 16
 (GeV)genTp
210 310
Re
sp
on
se
0.8
1
1.2
1.4
1.6
1.8
2
 < 5PV0 < N
 < 10PV5 < N
 < 15PV10 < N
 < 20PV15 < N
 < 25PV20 < N
 < 30PV25 < N
 = 8 TeVsCMS preliminary
QCD Monte Carlo
Anti-kT R=0.5, PFlow
| < 1.3η|
 (GeV)genTp
210 310
Fu
lly
-C
or
re
cte
d 
Re
sp
on
se
0.8
1
1.2
1.4
1.6
1.8
2
 < 5PV0 < N
 < 10PV5 < N
 < 15PV10 < N
 < 20PV15 < N
 < 25PV20 < N
 < 30PV25 < N
 = 8 TeVsCMS preliminary
QCD Monte Carlo
Anti-kT R=0.5, PFlow
| < 1.3η|
Figure 2.15: The jet response as a function of pgenT for different pile-up scenarios rep-
resented by the number of primary vertices NPV without any correction
(top) and with full pile-up and jet energy correction (bottom) [29]. The
jet algorithms anti-kt and particle-flow are explained in [20], [15].
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2.2.6 Muon System
At the GeV momentum scale, the energy loss of muons is described by the Bethe-Bloch
formula, as it can be seen in Fig. 2.16.
Figure 2.16: Stopping power for positive muons in copper as a function of the muon
momentum p = Mβcγ [62]. The solid curve (marked with “Without
δ”) indicate the total stopping power. The effect of the density-effect
correction leading to the decrease in stopping power (dashed-dotted line)
at high momenta is explained in chapter 5.
In the GeV region muons are minimum ionising particles (MIP), since their stopping
power and hence their interaction with matter is minimal. Consequently, among the
directly measurable particles within the CMS detector muons can leave the detector
without being stopped (see Fig. 2.17). Therefore, combining the inner track information
from the tracker and the outer track measurement from the muon system, the muons
obtain a very clear signature. Due to this clear signature the decay channel of the Higgs
boson containing four muons is called the golden channel of the Higgs boson search. In
this channel, combined with the four-electron and the two-electron-two-muon channel,
the observation of the Higgs boson [25] is confirmed with a local significance of 6.8
standard deviations above the expected background [26]. Hence, the precise and robust
measurement of muons is inevitable for the CMS experiment.
Efficient muon identification, good momentum measurement and trigger capability are
the main tasks of the muon system of CMS. The cross section of this system in the
positive z direction is shown in Fig. 2.18. In the barrel region this system is placed
outside of the solenoid in five η-rings, also called yoke barrels (YBs) and in four radial
stations. In the endcaps also four stations are deployed. In the following the subdetectors
of the muon system are described.
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Figure 2.17: Transverse slice through the CMS detector, showing the individual detec-
tor subsystems and particle signatures in each [64].
Figure 2.18: Overview of the muon system of CMS in the positive z direction. In
addition, the subdetectors DT, RPC and CSC are shown [56].
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Drift tubes (DT)
The first three stations of the barrel muon system called MB1, MB2 and MB3 contain
60 drift chambers each (12 ϕ-sectors in each of the five rings). The outermost station
MB4 has 70 drift chambers. Each chamber is made of three superlayer (SL) in MB1,
MB2, and MB3 and two SL in MB4. In case of three SL two of them are responsible for
the ϕ-direction measurement while the remaining SL is rotated by 90◦ measuring the
η-projection. Each SL contains four layers of rectangular drift cells staggered by half a
cell (see Fig. 2.19).
Figure 2.19: Schematic depiction of one DT station. From top to bottom an RPC layer,
a ϕ superlayer with its drift cells, an η superlayer, supporting structures,
another ϕ superlayer with its drift cells and RPC layer are shown [24].
The drift cells are filled with a gas mixture of 85% Ar and 15% CO2. In the middle of
the drift cells wires are placed. Overall 172 000 of these sensitive wires are used in DT.
The wire length in r−ϕ projection is 2.4m constraint by the ring width. The transverse
cell dimension of 21mm allows a drift time up to 380 ns in the gas mixture of DT. The
time resolution of DT is around a few nanoseconds ensuring the capability of triggering
of muons.
Cathode strip chambers (CSC)
In the region 0.9 < |η| < 2.4 a system of cathode strip chambers is used to detect muons.
It consists of up to four layers of chambers depending on the η-coordinate. There are 468
chambers installed in four stations ME1 to ME4. In Fig. 2.20 a sketch of CSC is shown.
The depicted ME4/2 chambers will be available during Run-II from 2015 on after their
installation in the first long shutdown (LS1). In the overlap region, between barrel and
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Figure 2.20: Cathode strip chambers of CMS in the negative half of the z axis [24].
endcap (0.9 < |η| < 1.2), muons are detected by both CSC and DT. Each chamber has a
trapezodial shape with 6 gas gaps each of them having a plane of radial cathode strips.
The spatial resolution provided by this strips is around 100µm for ME1/1 and 200µm
for all other chambers. Perpendicular to the strips anode wires are deployed defining
the track’s radial coordinate.
Resistive Plate chambers (RPC)
The RPC system consists of 480 rectangular chambers each having a length of 2455mm
along the beam axis. Due to the supporting structures of the CMS detector there are
exceptions and some of the chambers have a smaller lengths. In MB1 and MB2 the
RPCs are mounted in radial direction in front of and behind the DTs (see Fig. 2.19). In
MB3 and MB4 there is only one layer of RPCs. An overview of this system is given in
Fig. 2.18.
The basic double-gap module of RPC consists of 2 gaps operated in avalanche mode with
common pick-up and read-out strips in between. The sum of the 2 single-gap signals
provides the total induced signal. This allows the single-gaps to operate at lower gas gain
(lower high voltage) with an effective detector efficiency higher than for a single-gap.
This technology combines a very high time resolution with adequate spatial resolution.
Having a time resolution much smaller than the bunch spacing of 25 ns (sub-ns range)
allows not only triggering but also the association of bunch crossings of different muon
tracks. This is important for the identification of the so-called out-of-time pile-up [70].
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2.2.7 The trigger system
The information of one triggered bunch crossing at CMS is collected in a so-called event.
At a bunch spacing of 25 ns it is expected to have 40 million events per second. With
an event size of around 1.5MB this corresponds to a total amount of data of 60TB per
second at the design values for bunch spacing and luminosity. This huge amount of data
can not be stored and has to be reduced by the trigger system. In CMS, this system is
divided in an online and an oﬄine part. In the following, these subsystems are described
in more detail.
Level 1 trigger
This system is a collection of programmable electronics operating online during data
taking. It has an input rate of up to 40 MHz and a maximal output rate of 100 kHz.
This rate reduction of a factor of 400 is done hierarchically in local, regional and global
units (see Fig. 2.21).
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Figure 2.21: Schematic overview of the Level 1 trigger system of CMS. Adapted from
[24].
The current L1 trigger is divided into the muon trigger and the calorimeter trigger. In
the muon system RPC, CSC and DT constitute the local triggers. Muon hits from the
basic units of the subdetectors are combined to trigger segments or hit patterns. The
regional triggers DT track finder (DTTF), CSC track finder (CSCTF) and the RPC
trigger combine the information from the local triggers into muon candidates. Four of
these candidates each from DTTF and CSCTF and eight from the RPC system are
transferred to the global muon trigger (GMT). From the 16 muon trigger candidates the
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GMT determines the highest ranked four of those and transfers them with their quality
information from HCAL to the global trigger (GT). There are different trigger paths of
GT for several luminosity regions, called trigger menus. For the a single muon trigger
path, for instance, one out of four muons have to have a certain pT value. This path is
a collection of several sub-trigger decisions and it has a bandwidth limitation of 10 kHz.
The performance of the L1 GTM can be measured with the so-called tag-and-probe
technique. Thereby, events are selected with strict selection requirements on one muon
(the tag muon). Afterwards, another muon from the same event is chosen with a selection
under study (the “probe” muon). The fraction of probe muons passing the studied
selection gives an estimate of its efficiency. In Fig. 2.22 the tag-and-probe efficiency of
the L1 Global Muon Trigger is depicted as a function of probe pT for tight muon probes,
excluding the very forward region |η| > 2.1. The typical turn on behavior is shown.
Figure 2.22: The tag-and-probe efficiency of the L1 Global Muon Trigger as a function
of pT for tight muon probes, excluding the very forward region |η| > 2.1.
Calculated using a Z boson sample [32].
It dependents on the pT threshold, which is set to limit the trigger rate. The higher
this limit is the slower is the turn-on behavior and therefore a lower threshold is always
desirable.
In the calorimeter system, the so-called trigger primitive generators (TPGs) ECAL,
HCAL and HF deliver the local trigger. They work based on energy depositions and
sum up the energies in towers of the size 0.087 × 0.087 in the η-ϕ plane for |η| ≤ 1.74
and larger for |η| > 1.74. The collected information from the TPGs are processed in the
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regional calorimeter trigger (RCT). This system determines electron/photon candidates,
transverse energy sums and also quality bits for the muon system. The global calorimeter
trigger (GCT) has a similar task as the GMT and delivers ranked calorimeter trigger
objects to GT.
The decision whether an event is to be stored or not is done by the GT depending on
the information provided by GMT and GCT. For all these steps a latency of 3.2µs is
reserved. In order to operate without deadtime, the processing is therefore pipelined for
this amount of time.
High level trigger (HLT)
In a second step, the events which have passed the Level 1 trigger are processed oﬄine
by the high-level trigger to further reduce the amount of data. The rate reduction by
a factor of 1000 to 100 Hz is done by a software system installed on a computer farm
consisting of several thousands processors. In this software, different algorithms are
performed on events accepted by the Level 1 trigger.
For muons, for instance, the high-level triggering is done in several steps. First of all,
the L1 desicion is confirmed reconstructing muons using only the information from the
muon system (standalone reconstruction, L2). Afterwards, applying a cut on pT reduces
the rate and a third step allows the full reconstruction of muons with tracker information
(global reconstruction, L3). In Fig. 2.23 the performance of this L3 reconstruction of
muons with the 2012 data is shown. With the tight selection of muons from Z boson
decays the L3 reconstruction efficiency is very high ensuring precise identification of
processes with muons in the final state.
Selecting electrons and photons in HLT is done similarly to the muons in three steps. In
the first step only the ECAL information is used clustering the measured energies and
in the second step the information from the pixel detector is added. After that the full
tracker information is considered. The performance of the electron/photon HLT trigger
during the data taking at 8TeV is given in [43].
Also the triggering on jets at HLT is performed in several steps. The starting point is
the recontructed jet in the Level 1 decision. These so-called L1Jets are used as seeds
for several algorithms building the jets from scratch. The common one is the anti-kT
[20] algoritm, which is used in the particle flow reconstruction [15]. The latter uses in
addition to the calorimeter measurement the full tracker information to reconstruct all
track components of the jet. Performance plot can be found in [81].
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Figure 2.23: The tight selection [79] efficiency as a function of pile-up. Calculated with
the tag-and-probe method using Z boson samples [31].
2.3 Future upgrade plans
After longstanding operation, several parts of the components in both the accelerators
and detectors have to be maintained. Especially, the parts facing high radiation doses
like the pixel detector of CMS and the forward calorimeters have to be replaced. But
also, depending on the physics response, new features are planned to be deployed in
the experiments. For these reasons, a series of long shutdowns are planned during the
LHC operation timeline. Besides LS1, taken place in 2013-2015, there are two more long
shutdowns and several short maintenances scheduled. An overview of all upgrade issues
described in this section can be seen in Fig. 2.24.
During LS1 the main tasks for CMS upgrades were:
• Completing forward muon coverage (see section 2.2.6),
• Improving readout of CSC and DT,
• Replacing several HCAL photo-detectors and electronics, especially the upgrade
of the HO readout with SiPMs (see for details section 4.4.3),
• Installing a new beam pipe.
After LS1 the Phase 1 operation will start with Run-II. LHC plans to provide particle
collisions at a center-of-mass-energy of 13TeV at design luminosities. The bunch spacing
will be reduced from 50 ns to the design value of 25 ns resulting in a higher collision rate.
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Figure 2.24: Schedule of the CMS upgrade plans [78].
During Run-II so-called Year End Technical Stops (YETSs) are planned at the end of
2016 and 2017 to replace the pixel detector. The replacement of the frontend electronics
of HF is also scheduled in 2016 and 2017 YETSs. In the second long shutdown (LS2)
between mid 2018 to the end of 2019 the HB/HE frontend electronics will be upgraded.
In Phase 1 the collection of 300-500 fb−1 data is expected at a center-of-mass-energy of
13-14TeV.
It is planned to start the third long shutdown (LS3) in 2023. In this very important
shutdown the detector aging have to be adressed in several subdetectors. Furthermore,
the detector should be prepared for high-luminosity operation of LHC (HL-LHC) after
LS3. It is expected to replace the tracker by a new one, which allows the integration
of the tracker measurement at L1 (track trigger). With this, the Trigger/DAQ system
has to be upgraded to implement the track trigger. Therefore, it is planned to increase
the L1 latency and the bandwidth. Beside this, the endcap calorimeters will have to be
replaced due to the radiation damage.
The era after LS3 is called Phase 2 and it will start with Run-III. In this period, it is
expected to collect more than 2500 fb−1 data at center-of-mass-energies of 14TeV. The
upgrade project Muon Track fast Tag outlined in chapter 3 is planned for the Phase 2
operation.

Chapter 3
MTT - Muon Track fast Tag
The L1 trigger system of CMS, as outlined in chapter 2, can trigger precisely on single
muons. In Fig. 3.1 the GMT rate of the single muon trigger for a center-of-mass energy
of 8TeV and for an instantaneous luminosity of 5 · 1033 cm−2s−1 is plotted as a function
of the pT threshold.
Figure 3.1: Single muon GMT rate vs threshold on pT of muon candidates. Rates are
rescaled to an instantaneous luminosity of 5 · 1033 cm−2s−1. Taken from
[32].
The distributions in black and red describe the rates measured in the full range of the
muon system (|η| < 2.4) or in a limited range (|η| < 2.1), respectively. A separation in
barrel and endcap regions is shown by the magenta and blue distributions.
The black distribution saturates above a pT threshold of 30GeV. This is due to the
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insufficient track-bending power of the magnetic field in the forward/backward region
of |η| > 2.1. In this region, the magnetic field is almost parallel to the longitudinal
component of the muon momentum. Hence, only the very small transverse component
of the muon momentum is responsible for the small bending of the muon track. This
constrains the limited pT resolution of the muon system additionally and leads to mis-
measurements of the muon pT , lower than the required threshold of the trigger. These
mismeasured muons than are triggered since their assigned pT is higher than the trigger
threshold.
In the full bandwidth of the L1 trigger rate of 100 kHz, a share of 10 kHz is reserved for
the single muons. This limitation requires a pT threshold of 12GeV in case of triggering
in the η-range up to 2.1 or 14GeV in case of triggering in the η-range up to 2.4. There-
fore, during the data taking in Run-I, a meaningful threshold could be set to limit the
L1 trigger rate for single muons.
Within the scope of the two long shutdowns, LS2 and LS3, LHC and CMS will be
upgraded to operate at a 5-10 times higher instantaneous luminosity than the design
value of 1034 cm−2s−1. Thereby, the particle rates will be very high since more than
140 pileup interactions per bunch crossing are expected [33]. These pileup interactions
cause a systematic increase of the L1 trigger rate for single muons. Furthermore, the
rate distribution will saturate earlier due to the pT mismeasurement explained above.
However, in this case the origin of the mismeasurement will be the very high occupancy
of the inner muon system.
In Fig. 3.2 an extrapolation of the trigger rate for single-muons in the barrel region to
the HL-LHC luminosities is shown. The distribution of green circles labelled with L1 is
the prediction of the L1 trigger decision in its current form. The magenta distribution
Figure 3.2: Single muon rate vs threshold on pT of muon candidates. Rates are rescaled
to an instantanious luminosity of 1035 cm−2s−1. Taken from [2].
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of squares (L2) represents a scenario, in which the full resolution of the DT system is
considered additionally in the L1 trigger decision. This has only a small effect on the
shape and height. Therefore, in the current form of the L1 trigger, a pT threshold of at
least 20GeV has to be set to limit the L1 single muon trigger rate to reserved 10 kHz.
However, for many physics analyses, the reconstructed muons have to be selected in a
way, that their transverse momenta are from the saturation region of the trigger effi-
ciency. Because of the slow turn on behavior of the trigger efficiency curve, as discussed
in section 2.2.7 and depicted in Fig. 2.22, this would require a cut on the muon pT in
the final analyses being even larger than the trigger threshold of 20GeV. This would
limit the statistical significance of many searches for new physics substantially. With
this, triggering on events containing muonic W boson decays with low boosts would not
be possible, since the muon in these decays have approximately half of the momentum
of the W boson.
With L3 a scenario is introduced in which data from the tracker can be taken into ac-
count. Due to the magnetic field, which is stronger in the tracker region than outside of
the solenoid, and due to the better spatial resolution, the tracker features a higher pT
resolution than the muon system alone and can prevent mismeasurements. This leads
to a significant decrease of the single muon trigger rate in the higher bins (white-circle
distribution). Furthermore, the overall rate is reduced due to the rejection of fake trig-
gers caused by the limited pT resolution of the muon system by using the additional
information from the tracker.
Another issue arising at high luminosity operation is the significant increase of ambigu-
ities in the muon system. This so-called ghost issue is illustrated in Fig. 3.3.
MTT
real hits
ghost hits
hit drift cells
Figure 3.3: Illustration of ambiguities in the muon system. Red squares, labelled with
MTT, represent a possible detector with high granularity and separation
power for real hits in green and ghost hits in red.
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In the barrel region, with the one dimensional drift cells, DT has a one dimensional
readout structure in spatial coordinates. The hit positions of two coincident muons
traversing the detector with a small distance in η-φ, in Fig 3.3 shown in green, can not
be distinguished from the red hit positions. This can result in an increase of fake muon
hits and track segments and would therefore affect the efficiency and purity of the local
muon trigger. A detector system with the appropriate granularity can help to identify
the fake muon hits.
In 2007, a new trigger concept, called Muon Track fast Tag (MTT), was introduced [2]
to help the muon system to include the tracker information in the L1 decision and hence
to decrease the trigger rate for single muons. In this chapter, first of all, this initial idea
is introduced. However, the main focus lies on the feasibility of the MTT idea, as this
was one of the issues to clarify by this thesis. Afterwards, comparing two CMS subsys-
tems an alternative approach for MTT is developed. At the end, the progress of MTT
idea through the past few years and the current status of the hardware development is
outlined.
3.1 The initial idea: Fast tagging of muon tracks
The initial concept of MTT focuses on the integration of the tracker measurements in
the L1 decision to benefit from the good pT resolution. This implies an upgrade of the
muon system, which will be necessary anyway due to the aging of the outdated frontend
electronics of the barrel muon detectors and due to the expected bad performance of
the current RPC trigger logic at high hit rates [2]. Though the detector to be used
as MTT is not defined in the initial concept, the task is stated clearly. Keeping the
bandwidth and latency of the L1 trigger constant at 10 kHz and 3.2µs, respectively, a
partial readout of the tracker can be foreseen. This new approach is required, since
keeping the latency constant at 3.2µs does not allow the usage of the whole tracker in
L1. Therefore, regions of interest should be defined by a detector layer just behind the
solenoid, as depicted in Fig. 3.4. The tracker layers to be read out are chosen preferably
in the outer part of the tracker. These tracker layers combined with the primary vertex
strongly constrain the possible tracks of the muons. Once this is possible, instead of four
muon candidates from the muon system, only the DT regional trigger would deliver up
to four candidates matched to the tracker layer. When no matching could be achieved
four unmatched candidates are transferred to the global muon trigger. In the initial
concept an upgraded RPC system was preferred to serve as the MTT detector.
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Figure 3.4: Definition of a region of interest by a detector layer outside of the solenoid.
With TkL a tracker layer is illustrated. Taken from [2].
3.2 Progress of the MTT concept through the last years
In the scope of this thesis, the MTT idea, as described in the previous section, is investi-
gated. Instead of using an upgraded version of RPC, an additional system of scintillators
read out by silicon photomultipliers (SiPMs) [47] is planned to detect muons just in the
barrel region. This system would be placed behind the solenoid and in front of the first
muon chambers. For four years, the research and development of prototype modules and
simulations are on-going. In this section, several aspects of developments are outlined.
3.2.1 Operation region
Concerning the future MTT operation, one of the first issues is to investigate the avail-
ability of space in the detector. From the hardware developers point of view, this space
constrains, for instance, the possible thickness of the detector units. Also the simulation
of the detector system and developing a meaningful trigger concept depends critically
on this issue. In Fig. 3.5, the region around the solenoid in η direction is depicted.
As described in chapter 4 the first sensitive detector layer outside of the solenoid is
HO with approximately 1.5 cm total thickness. Due to the supporting structures of the
solenoid in front of HO, no additional detector layer can be deployed. Behind this system
a free space of ≈ 0.5 cm is available directly in front of the MB1 clearance system and
the muon system itself. However, this free space is not sufficient to implement a useful
detector layer with its supporting material.
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Figure 3.5: Technical drawing of the region just behind the solenoid in an outer ring.
The solenoid, not depicted here, is on the bottom of the drawing.
3.2.2 Alternative approach for the MTT
Due to the absence of free space an alternative approach has to be pursued to realize
the MTT idea. Since it is important to implement the MTT in the first muon stations,
where the occupancy is highest, with RPC and HO, two subdetectors are contemplable.
Both subdetectors have advantages and disadvantages as they will be explained in the
following:
As introduced in chapter 2, the RPC system is a part of the barrel muon detector and
the barrel muon trigger. Therefore, a possible muon tag information from RPC can be
easily implemented in the muon trigger. Furthermore, the very good time resolution of
the RPC, which is in the order of nanoseconds, allows for a very fast trigger response.
However, in the first muon stations the RPC strips along the beam direction are divided
into only two parts with a length of 1.3m. This results in a very low η-resolution and can
not serve as an efficient muon tagger, as proposed in the MTT concept. Increasing the
η-granularity requires major modifications on both the RPC and the DT system, since
two RPC chambers are solidly mounted on the top and bottom of the DT superlayers
[37].
The HO system, as outlined in chapter 2, and described in detail in chapter 4, is a
calorimeter consisting of scintillators read out with SiPMs. The system features a read-
out structure optimized for energy measurements and not for fast triggering. Moreover,
the HO is not part of the muon trigger system. These circumstances require mechanical
work when implementing a possible muon tag information from HO in the muon trigger.
Additionally, an upgrade of the frontend readout could be necessary since the capability
of the current readout concerning fast triggering on muons has not yet been studied in
detail. Nevertheless, because of the higher granularity in η-direction compared to RPCs,
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the good time resolution of plastic scintillators, and the less mechanical work, HO is the
better choice to be used as MTT.
Therefore, instead of deploying a new detector layer, it is currently being investigated
whether the HO system can deliver the necessary tag for muons. In Fig. 3.6, a possible
L1 trigger extension with the HO system is illustrated. First studies on muon detection
efficiency of HO are described in chapter 5.
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Figure 3.6: Illustration of a possible extension of the L1 trigger of CMS with the HO
system. The dashed lines in green show possible hubs between the existing
L1 trigger and the HO system.
3.2.3 Prototype development
In case of insufficient spatial resolution and MIP detection efficiency of the HO system,
MTT prototypes are currently being developed with the focus on fast triggering on
muons [72, 82]. In Fig. 3.7, the first prototype module is shown. On the left, the
wrapped 10× 10 cm2 scintillator (white) of the type BC-404 from Saint-Gobain can be
seen in a black plastic cover. The thickness of this scintillator is 5mm, whereas other
versions with different scintillator thicknesses are existent as well. The light collection is
performed by wavelength-shifting (WLS) fibers of the type BCF-92 embedded in milled
grooves on both sides of the scintillator. This is illustrated in Fig. 3.8. Outside of the
scintillator these fibers are guided to the SiPMs. The setting of two SiPMs in a distance
of 2 cm to each other and the distance of 10 cm between the grooves in the scintillator
causes an insensitive area in between the scintillator and the readout module. Behind
the two SiPMs, the frontend board, called SiPM duo controller [16], is implemented.
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With the first module, the temperature stability and the detection efficiency for cosmic
muons are studied. Details on this study can be found in [72]. Simulation studies of this
prototype with Geant4 [7] are shown in chapter 6.
In Fig. 3.9, one of the current prototype modules of MTT is shown. The same scintillator
(shown in white), as already integrated in the first module, is used. Due to the direct
readout without fibers, the SiPMs together with the frontend electronics are deployed
directly on the scintillator. The SiPMs used in this module are from Hamamatsu with
each of them having an active area of 3 × 3mm2, a pixel size of 100 × 100µm2 and a
ceramic casing.
In [82] these modules are used to investigate basic characteristics and to measure the
detection efficiency together with the signal purity for cosmic muons. With 99.9% signal
purity and 99.5% signal efficiency for trigger thresholds between 40mV and 100mV,
these module types are very promising trigger detectors [82].
Figure 3.7: The first MTT prototype module using a 10 × 10 cm2 scintillator of 5mm
thickness (1), light collecting WLS fibers (2), the SiPM readout (3) and the
frontend electronics (4) [83].
Figure 3.8: Illustration of the embedment of a WLS fiber (red) in a milled groove on
the side of the scintillator (blue). In the simulation the SiPMs (green) are
coupled directly to the fibers. See chapter 6 for more details.
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3.3 Current status of the MTT project
In the past few years the CMS collaboration finalized the trigger strategy for phase 2
operation [28] changing the conceptual freedom of the MTT idea. According to this
decision the latency for the L1 accept will be increased to 12.5µs. The motivation for
this increase is the development of a tracking trigger [61]. In this concept, the complete
usage of an upgraded tracker is foreseen to trigger on L1 [28]. Therefore, a partial
readout of the tracker is not needed anymore as it was planned in the initial MTT
concept.
Another aspect concerns the single muon bandwidth. It is expected to increase the
bandwidth to 139 kHz without L1 tracking [28]. With this and the fact that with L1
tracking the predicted trigger rate for single muons will be 14 kHz [28], it is not expected
to run into problems triggering on single muons at L1 and at HL-LHC luminosities.
However, the issue with the ghosts remains and is currently one of the motivations for
the deployment of a hardware trigger link between HO and the muon system. This is
currently being studied. The HO system will be described in detail in the next chapter.
In the scope of this thesis, the core issue, the muon detection capability of HO, is
studied (see chapter 5) in detail. More studies on the ghost problem are introduced in
the outlook in chapter 8.
On the hardware side, the research and development of prototype modules is going on.
Future plans of the MTT project are focused on 30× 30 cm2 tiles. The light collection
will be done by WLS fibers put in a milled groove in sigma shape. Furthermore, several
approaches for temperature stabilization and improvements on the frontend board are
currently being studied [73, 84]. In October 2014, the performance of this new generation
Figure 3.9: The current 10× 10 cm2 prototype module for MTT. Taken from [82].
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prototypes is tested in a proton test beam at a storage ring. However, the data of this
test is not studied yet. More details on the status of the prototype development can be
found in [45].
Chapter 4
The Hadron Outer Calorimeter
The stopping power of EB and HB is not sufficient for the complete containment of high
energetic and late starting hadron showers. Therefore, in the barrel region, HCAL is
supplemented by a so-called tail catcher named hadron outer (HO) [4]. Except for the
overlap region of barrel and endcaps the total depth of the calorimeter system in this
region is thus extended to a minimum of 11.8 λint. In this chapter, HO is described in
detail. Further information can be found in [4].
4.1 Layout
HO is the first sensitive layer outside the CMS magnet in front of the innermost muon
stations covering the same pseudorapidity region as HB (|η| ≤ 1.3). Its position in three
different rings 0, 1 and 2 is depicted in Fig. 4.1. In the outer rings marked with ±2
and ±1, HO has a one-panel structure consisting of twelve identical ϕ-layers, also called
panels at a radial distance of 4.07m (see Fig .4.2). Due to the minimal absorber depth of
HB in the central ring (ring 0), here two panels of HO are deployed, which are seperated
by an iron absorber of 19.5 cm thickness. The radial distances of the two panels from
the beam axis are 3.82m and 4.07m respectively.
In ϕ-direction each of the twelve ϕ-panels are further divided into six trays (see Fig. 4.3).
The Table 4.1 shows the widths of different trays. Each tray contains several scintillator
tiles along the η-direction. These tiles and the trays are of identical length in ϕ-direction.
While in ring 0 there are eight tiles per tray deployed, in the rings ±1 there are only six
and in rings ±2 only five tiles per tray. The lengths of the tiles in η-direction are given in
Table 4.2. In HCAL the η and the ϕ-coordinates (floats) are commonly converted into
so-called iη and iϕ-coordinates (integer). Thereby, the value range of the η-coordinates
(−1.3 ≤ η ≤ 1.3) is projected to the range of −15 ≤ iη ≤ 15 without iη = 0. The
projection of the ϕ-coordinates (−pi ≤ η ≤ pi) is done similarly and the new value range
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Figure 4.1: The calorimeter system of CMS on the positive η side. The HO panels are
located outside of the magnet at a radial distance of around 4m [4].
Figure 4.2: The twelve identical HO panels of the ring +2 also called YB+2.
is 0 < iϕ ≤ 72. The numbering of HO tiles in Table 4.2, therefore, represents the
corresponding iη coordinates (integer). Different tile sizes arise from the fact, that the
granularity of HO is kept constant to 0.087× 0.087 rad2 in ϕ-η plane to be matched to
tower sizes of HB. However, since the geometry of HO is restricted by the geometry and
the construction of the muon system, this match is not given for all tiles. In Table 4.2
these tiles are given in parentheses.
Furthermore, the space between the rings in η-direction and the space occupied by the
support structures of the iron yoke in ϕ-direction restrict the geometrical acceptance of
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Figure 4.3: An HO panel with its six trays in the ring +2 also called YB+2.
Table 4.1: Lengths in mm of HO tiles in ϕ-direction in different trays.
Tray
Ring 0 Ring ±1, ±2
Layer 0 Layer 1 Layer 1
1 272.6 298.6 315.6
2 341.6 362.6 364.6
3 330.6 350.6 352.6
4 325.6 345.6 347.6
5 325.6 345.6 347.6
6 266.6 290.6 404.6
Table 4.2: Lengths in mm of HO tiles in η-direction in different rings.
Tower Length Tower Lenght Tower Length Tower Lenght
Ring 0 Layer 0 Ring 0 Layer 1 Ring 1 Layer 1 Ring 2 Layer 1
1 331.5 1 351.2 5 391.5 11 420.1
2 334.0 2 353.8 6 394.2 12 545.1
3 339.0 3 359.2 7 411.0 13 583.3
4 (248.8) 4 (189.1) 8 430.9 14 626.0
9 454.0 15 (333.5)
10 (426.0)
HO. In addition, the space occupied by the support structures for the magnet in sector
3 of ring -1 and sector 4 of ring +1 is not available for HO (see next chapter). Overall
there are 2730 tiles deployed in the HO system covering an area of around 300m2.
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4.2 Readout
The HO system uses plastic scintillators of 1 cm thickness as sensitive material. The
light collection is done by four round WLS-fibres each having a diameter of 0.94mm.
These fibres are embedded in milled grooves in sigma shape, also called sigma grooves,
as it can be seen Fig. 4.4.
Figure 4.4: An HO tile exposed to UV light. The scintillator containing the four WLS
fibres in their sigma grooves can be seen [60].
Outside of the scintillator each WLS-fibre is coupled to a clear fibre due to its higher
attenuation length. The clear fibres from each tile are guided to an optical connector at
the end of the tray. From here the signals are transmitted by optical cables to the readout
modules (RMs). In the first operation period of CMS, these modules were containing
mainly HPDs [42] with up to 18 pixels and further frontend electronics. Within a minor
maintenance during Run-I, approximately 7% of the HO channels were instrumented
with SiPMs [47] as photon detectors. During LS1 in February 2013 all remaining HPDs
were replaced by SiPMs.
The signal from one HO tower or one tile, respectively, is guided to one HPD pixel. In
ring 0 two panels of HO are instrumented and the towers in this region contain two tiles.
By default, the sum of the signals from both tiles are considered. In addition, an LED
signal is transmitted to the HPD pixels for calibration issues as described in sections 4.4
and 2.2.5. The HPDs convert the light into electrical charge which is then integrated
in regular time bins of 25 ns by charge integrator and encoder (QIE) units. Because of
this conversion from analog to digital, the measured value is the accumulated charge in
analog-to-digital-converter (ADC) counts in this time window. During data taking ten
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of these time windows, also called time slices, are used. Thereby, with the first time slice,
the time of flight of particles from the interaction point to the HO system is considered.
The final signal read out is an integration over four time slices. By default the second to
fifth time slice are taken for the integration, since in this window the measurement with
maximum ADC counts are expected. The time slices six to ten are for late registered
signals or for signals with unexpected long tails.
In Fig. 4.5, the location of the RMs in one layer of the ring 0, also called YB0, is
illustrated. In Fig. 4.6 the location of RMs in YB±1 and YB±2 panels can be seen.
Figure 4.5: Illustration of the readout structure in YB0. Several tiles are shown in
a panel. A row of tiles is representing a tray. The readout modules are
located in front of the corresponding trays.
Figure 4.6: Illustration of the readout structure in YB ± 1 and YB ± 2. Several tiles
are shown in a panel. A row of tiles is representing a tray. The readout
modules are located in front of the corresponding trays.
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The distances between different tiles and their RMs vary. Therefore, on the one hand,
the arrival time of the signal has to be delayed depending on η-position of the tiles.
On the other hand, due to the attenuation in the fibers, it is expected that tiles closer
to RMs contribute with higher signals than tiles which are far away from the RMs.
This expectation was confirmed by test beam measurements in 2008 [22]. In Fig. 4.7
the measured ADC counts per minimum ionizing signal as a function of iη-values are
shown.
Figure 4.7: ADC counts per minimum ionizing signal as a function of iη values of HO
tiles. Taken from [22].
Since the tiles with iη values ±4, ±10 and ±11 are the closest to the corresponding RM,
the signal height is higher compared to other tiles in the same tray.
4.3 HO during the data taking in 2012
Within CMSSW, the operation conditions are defined in the Oﬄine Conditions Database
[71]. The set of database tags which define the oﬄine conditions data are collected in a
so-called global tag, which is stored in the database as well. There are different global
tags for data analyses, MC analyses, data reprocessing and MC production etc. In
every CMS analysis, a corresponding global tag has to be used to consider the correct
conditions data.
Due to the bad performance of the HPDs in magnetic fields, the HO system performed
poorly during Run-I [9]. Therefore, the channel quality of HO, recorded in global tags,
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has to be considered in the studies presented in this thesis. In the HO system, different
quality stages are marked by different numbers. In Fig. 4.8 the channel-quality status
of HO at the end of Run-I in the iη - iϕ-plane is presented.
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Figure 4.8: The channel-quality status of HO at the end of Run-I in the iη-iϕ plane.
The colour-coded z axis is representing the quality codes. The HO system
in the white regions is working properly. The regions with not properly
working channels are depicted in blue. In red and orange channels with
restricted quality are shown.
The quality grades are classified by the hit reconstruction, the triggering and the building
of calorimeter towers. The channels working properly have the quality code 0, shown
in white. In these channels, hits are reconstructed as well as the triggering is done
and the calorimeter towers are built. Furthermore, there are channels where no hits are
reconstructed, no triggering is done, and no calorimeter towers are built. These so-called
dead channels are marked with quality code 8002, shown in blue in Fig. 4.8. In addition,
a list of these dead channels is given in the Appendix B.
As mentioned above, within a minor maintenance during Run-I, approximately 7% of
the HO channels were instrumented with SiPMs as readout detectors. In a part of
these channels, which are marked with 48000 (shown in red in Fig. 4.8), it is possible
to reconstruct hits and hence to test the performance of the future SiPM readout of the
entire HO system. The remaining regions in the outer rings have the quality code 40000
(shown in orange in Fig. 4.8) allowing only the reconstruction of hits and triggering,
but not the building of calorimeter towers. Together with channels marked with 0 this
channels can be used for the calculation of the geometrical acceptance as well as for
determination of the muon detection capability as shown in chapter 5.
During the data taking, the performance of HO channels varied for several run periods.
Therefore, an overview of the channel quality, as it was depicted previously for MC
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studies, can not be shown here. Using the corresponding global tag, specified for data
analyses, ensures the correct consideration of the HO channel quality for each run.
4.4 Upgrades during LS1
LHC stopped the operation in February 2013 to allow for upgrade and maintenance
work on experiments and accelerator magnets. This shutdown is planned to end at the
beginning of 2015. During this time, some parts of the CMS experiment like the HO
system were subject to upgrades. As a part of this upgrade in 2013-14 all HPDs were
replaced by SiPMs. In the following section, the concept of SiPMs is outlined briefly.
4.4.1 Overall concept of SiPMs
SiPMs are photon detectors consisting of an array of APDs on a silicon substrate (see
Fig. 4.9).
Figure 4.9: A picture of a Hamamatsu SiPM of type S10362-050P [48] which is deployed
in the readout of HO.
Each of these APDs, also called cells, are operating in Geiger mode. One of the most
outstanding positive characteristic of SiPMs is the insensitivity to magnetic fields. Com-
pared to the HPDs, SiPMs are smaller and have a better signal-to-noise ratio. The
operating voltage depends on the SiPM characteristics and is well below 100V. Strong
temperature dependence of the operating voltage of ≈ 60mV/K, afterpulsing and op-
tical crosstalk are the main challenges which have to be adressed when using SiPMs.
Afterpulsing is caused by charge carriers captured during the avalanche and released
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after a delay triggering a new breakdown. Optical crosstalk is the excitation of neighbor
cells not by a particle but by ionisation electrons from the cell hit by the particle to
detect. A detailed description of SiPM can be found in [47].
4.4.2 Functionality and characteristics of SiPMs
First of all, a reverse voltage VR larger than the breakdown voltage VBD is applied to
the pixel. A photon hitting a cell or thermal effects can create an electron-hole pair
and trigger an avalanche discharge. This leads to a current flux through the quenching
resistor causing a voltage drop. As a result, the voltage on the cell drops from VR below
VBD and the avalanche stops. Afterwards, the diode recharges and the pixel is ready for
another avalanche.
There are some properties defining the functionality of SiPMs. The fill factor, for in-
stance, is the ratio of the active area of SiPMs to the whole sensor area. This value
decreases with the number of pixels. Another important value is the gain determining
the signal height which is the ratio of charge carriers created by the avalanche to the
charge carriers from photoeffect and thermal excitation. The photon detection efficiency
represents the probability to detect photons reaching the SiPM.
The typical dark noise signal behavior of SiPMs is shown in Fig. 4.10.
Figure 4.10: Dark noise signal of an SiPM. A signal increase depending on firing cells
or detected photons (photon equivalent, p.e.) can be seen [82].
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A dark noise spectrum arises from the breakdown of cells due to thermal excitations.
Proportional to the number of activated pixels an increase in signal height can be seen.
Plotting the signal heights results in a so-called finger spectrum with peaks correspond-
ing to the number of firing cells (see Fig. 4.11).
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Figure 4.11: A histogram of signal heights from a dark noise spectrum of an arbitrary
HO unit, recorded during a cosmic run. The peaks correspond to the firing
cells due to thermal excitation. The first peak belongs to the pedestal.
The peaks are also called photon equivalent (p.e.) peaks. Often, the gain is measured
as the distance between two adjacent peaks.
4.4.3 SiPM readout of the current HO system
For the upgrade of the HO readout, SiPMs made by Hamamatsu are used having a
sensitive area of 3×3mm2 and a pixel pitch of 50µm. In ring 0, light mixers are used to
distribute uniformly the in-coming light on the SiPM [58]. To control the temperature
dependency of the operating voltage, Peltier elements are applied on the carrier boards
of the SiPMs.
The gain in the current HO system is measured in two different ways [44]. For the
first method, the dark noise spectrum and especially the electronic pedestal information
can be used to determine the gain (PED method). In this case, the distances between
the first three adjacent peaks (pedestal, 1 p.e. and 2 p.e.) are determined. Since the
determination is weighted with the number of events in each peak, the distance between
the pedestal and 1 p.e. peak is dominating the gain. With this method, the gain of the
HO-SiPMs is measured to be around six ADC counts within an uncertainty of 3%.
The second method is based on short light pulses from an LED. Assuming that N
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photons from these light pulses hit the SiPM the resulting signal distribution will have
a mean of m = N · g and a width of σ = √N · g assuming Poisson statistics. In this case
the gain g can be determined in the following way:
σ2
m
=
N · g2
N · g = g. (4.1)
The LED-method gives similar results for the gain of the HO-SiPMs although a sys-
tematic shift can be observed. This shift occurs due to the non-gaussian shape of the
LED-signal caused by afterpulsing.
With both LED and PED methods also the breakdown voltage of the HO-SiPMs can
be determined. Studies show that both methods provide similar values of around 70V
with uncertainties of around 50mV [44].
In the next chapter, studies on muon detection capabilities of HO are described.

Chapter 5
Studies with the Hadron Outer
Calorimeter
In this chapter, the muon detection capability of the hadron outer calorimeter is studied.
In the first section, the geometrical acceptance and the energy deposition of muons in
HO is studied with simulated muons. Afterwards, the muon detection efficiency of HO
using the 2012 CMS data from proton-proton collisions is calculated. In addition, the
detection efficiency for cosmic muons collected in the global run in November (GRIN)
2013 with the upgraded HO system is investigated. The content of this chapter, without
the basic studies with simulated muons in section 5.1 and the studies on muons from Z
boson decays (section 5.2.4) is published within the CMS collaboration in the detector
note CMS-DN-14-008 [44]. The author of this thesis and the detector note has developed
and performed this studies entirely on his own.
5.1 Basic studies with simulated muons
Basic knowledge about the geometrical acceptance of HO and the energy deposition
behavior of muons in this system is obtained with simulations using particle MC gener-
ators.
5.1.1 Geometrical acceptance in the HO system
Within the software framework of CMS (CMSSW) a large number of particle genera-
tors for various event topologies can be found. For the studies in this section, a MC
scenario generating muons is used. Thereby, the muons are entering the detector at
the origin of the CMS coordinate system. The possible η-coordinates of the muons are
restricted to −1.254 ≤ η ≤ 1.254 corresponding to the η-coverage of the HO system.
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Furthermore, the transverse momentum of the muons is set to 100GeV to investigate
only trajectories which are not subject to strong bending in the magnetic field. This
simplifies the geometrical matching of the muon trajectories to the correct HO tiles for
the following analyses. In Fig. 5.1, a scatter plot containing the uniformly distributed η
and ϕ-coordinates of the generated muons is shown.
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Figure 5.1: A scatter plot of the η and ϕ-coordinates of generated muons.
In the η-ϕ plane, the area Al, in which these muons are generated, can be calculated by
the equation 5.1:
Al = dη · dϕ, (5.1)
where dη is the distance in η-direction and dϕ in ϕ-direction. In case of HO, dη is 2.508
and dϕ is 2pi rad and the area Al can be determined to 15.76 rad.
However, due to the supporting structures of CMS and spaces between the rings, the HO
system does not cover the entire η-ϕ plane in the barrel region. The theoretical coverage
of this detector can be calculated with the exact η and ϕ-coordinates of all 60 panels
distributed over the five rings of CMS. Thus the entire HO surface can be determined
to 14.33 rad corresponding to 90.9% coverage of the barrel area of CMS.
In CMS analyses, the geometrical acceptance of HO can be requested using the tool
MuonHOAcceptance implemented in CMSSW. This tool provides the entire geometry
of this system and allows two different boolean decisions for acceptance or rejection of
muons. One of the decisions is based on the assumption that within an HO panel no
inefficient regions are existent. This decision simply accepts muons within the theo-
retical coverage of the HO system. The η and ϕ-coordinates of the muons accepted
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Figure 5.2: Scatter plot of the η and ϕ-coordinates of generated muons, which are
accepted by HO geometry. The white regions are the gaps between the
rings and the positions of the supporting structures.
by this decision are depicted in Fig. 5.2. On the contrary to the uniform distribution
in Fig. 5.1, muons traversing the region between the rings are rejected. In the central
ring, due to the supporting material of CMS between the panels, the HO system do not
cover the entire ϕ region and the corresponding muons are rejected as well. Comparing
the numbers of entries in Fig 5.1 and in Fig 5.2 the theoretical coverage of HO can be
verified to 90.5% ± 0.3%. The uncertainty is obtained from the inverse square root of
the number of initially generated muons N .
The second type of acceptance decision is based on inefficiencies within the HO panels
corresponding to the conditions data which describes detector elements being perma-
nently or temporarily unavailable. Different quality statuses of HO channels are dis-
cussed in section 4.3. The inefficiencies or so-called dead regions for MC studies within
the HO panels can be depicted using MuonHOAcceptance. This is shown in Fig. 5.3
considering the conditions at the end of 2012. With MuonHOAcceptance, HO tiles with
SiPM readout can be plotted as well (see Fig. 5.4). Comparing the Figures 5.3 and 5.4
with the plot in Fig. 4.8 verifies the functionality of MuonHOAcceptance, as this tool
displays the dead regions and the SiPM regions correctly.
For the studies in this section, both decisions, explained above, have to be combined.
Consequently, only those generated muons are selected, which are in the geometrical
acceptance of the HO tiles which are working properly.
In Fig. 5.5, the η-ϕ distribution of these muons is shown. Using the number of entries,
the selection efficiency and hence the real acceptance of HO can be determined to 86%.
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Figure 5.3: In the η-ϕ plane, the red rectangles are showing the regions, where HO is
insensitive because of the supporting material [24] or electrical issues. The
spaces between black vertical lines illustrate the rings of the CMS detector.
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Figure 5.4: The η and ϕ-coordinates of HO tiles with SiPM readout (red rectangles).
The spaces between black vertical lines illustrate the rings of the CMS
detector.
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Figure 5.5: A scatter plot of the η and ϕ coordinates of generated muons, which are
accepted by good HO tiles.
5.1.2 Energy depositions of muons in the HO system
In addition to the acceptance considerations, it is also possible to study the energy
deposition of simulated muons in HO. For muons with kinetic energies up to 1TeV, the
energy loss in scintillators is mainly caused by ionisation. It can be described by the
Bethe-Bloch formula:
− dE
dx
= B
(
1
2
ln
2mec2β2γ2Tmax
I2
− β2 − δ(βγ)
2
)
, (5.2)
with the prefactor B defined as:
B =
4piNAα2~2c2
me
z2
Z
A
1
β2
.
The parameters entering the Bethe-Bloch formula are:
• me electron rest mass,
• NA Avogadro number,
• Tmax maximum kinetic energy of the muon,
• α fine structure constant,
• Z atomic number of the scintillator,
• A atomic mass of the scintillator,
Chapter 5. Studies with the Hadron Outer Calorimeter 54
• I mean excitation energy,
• z muon charge number,
• δ(βγ) density effect correction to ionization energy loss,
• c speed of light,
• β = v/c the ratio of muon velocity to c,
• γ =
(√
1− β2
)−1
the Lorentz factor,
• ~ the reduced Planck constant.
In the high energy regime, in addition to the ionisation effects also pair production,
bremsstrahlung, and photo-nuclear interaction contribute to the stopping power of muons.
In Fig. C.1 in the Appendix C, a table of the total stopping power for muons in polyvinyl-
toluene (plastic scintillator) together with characteristic parameters is depicted for a
wide range of initial muon energies or momenta. However, these values of the stopping
power do not consider the density effect δ(βγ) from the equation 5.2 which decreases
the stopping power [62].
The probability distribution of the energy loss in thin absorber layers is described by a
Landau function. Considering the density effect δ(βγ) the most probable value (MPV)
∆p of this distribution in the high energetic approximation (βγ & 100) is given as:
∆p = ξ
(
ln
2mec2ξ
(~ωp)2
+ 0.2
)
, (5.3)
with the so-called plasma energy ~ωp = 28.816 eV
√
ρ < Z/A >, and ξ = (B/2)ρx [62].
Here, ρ is the density of the scintillator. Equation 5.3 is valid for the calculation of
the MPV in this study, since the muon pT of 100GeV corresponds to βγ & 1000 and
the considered scintillators are thin. For polyvinyltoluene, using the parameters from
Fig. C.1, the plasma energy ~ωp and ξ can be calculated to 21.54 eV and 0.086MeV,
respectively. Entering these values in equation 5.3, ∆p can be determined to 1.65MeV.
In order to plot the deposited energies of generated muons, a path-length correction of
muons in the scintillator has to be applied. This length is dependent on the entrance
angle of muons concerning the normal vectors of the scintillators through which the
muons are traversing. The scintillators of the HO system are arranged in twelve 30◦
panels (see chapter 3) and therefore there are 12 possible normal vectors ~nsc for the
path-length correction which is defined by:
cosα =
~nsc · ~pµ
|~nsc|| ~pµ| , (5.4)
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where α is the angle between the momentum of the muons and the normal vector of the
scintillator and ~nsc =
(
cos(n · 30◦)
sin(n · 30◦)
)
with n = 0, . . . , 11. In case of α ≥ 90◦ the angle
for the correction is projected to α′ = 180◦−α. The distribution of the corrected energy
depositions is shown in Fig. 5.6.
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Figure 5.6: Deposited energies of simulated muons with pT = 100GeV in the HO sys-
tem.
Together with the accumulation at the energies predicted by the MPV ∆p = 1.65MeV,
there are two additional peaks. One of these peaks is at very low energies, and one
at the energies of approximately 2∆p. The last accumulation appears due to the two
layer structure of HO in the central ring being in the same calorimeter tower. Hence,
in this region the energy depositions in both layers are summed. The first peak corre-
sponds to muons accepted by the geometry, but depositing no or very little energies.
Since these energies can not be explained by the statistical fluctuation of the Landau
distribution either, it can be assumed that the corresponding muons are misaccepted by
MuonHOAcceptance. This misacceptance is explained in the following.
For the acceptance considerations the muon momentum was used. When the bending in
the magnetic field is not negligible, the momentum can point in a direction, where the
HO system was not hit by the muon trajectory. In case of muon trajectories being in
the transverse plane only, the bending is maximum and its radius R can be calculated
as:
R[m] =
p[GeV]
0.3B[T]
, (5.5)
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where B is the magnetic field strength in Tesla and p = pT is the muon momentum
in GeV. For muons with pT = 100GeV in the 3.8T magnetic field of CMS, the cor-
responding radius is 87.72m. Although the bending is relatively small, a significant
displacement concerning the true hit position can occur at a distance of 4.07m (HO).
This offset is given by the chord length c of a circle with the radius r of 4.07m, as
illustrated in Fig. 5.7.
Figure 5.7: Illustration of the offset calculation due to the bending in the transverse
plane. The black arrow represents the momentum direction
The red circle represents the bending circle of the muon with the radius R of 87.72m.
The chord length C of this circle is equal to the radius r of the small circle illustrating
the HO spot in the CMS detector. It is defined in the following equation:
C = 2r sin(β/2). (5.6)
With α = β/2, the chord length c can be calculated according to equation 5.7:
c =
C2
2R
, (5.7)
to 9.4 cm.
Due to the maximum bending, c is the maximum offset between the real hit position
of the muon track and the projected position according to the momentum of the muon.
With a significant z coordinate, the tracks are bent to helices making this misplacement
even harder to calculate.
Because of this offset, muons on the edges of the HO panels are accepted geometrically
but they do not traverse the HO system. This expectation can be confirmed by looking
at the η-ϕ distribution of the simulated and accepted muon hits in HO as shown in
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Figure 5.8: η-ϕ distribution of simulated muon hits. In green, hits with energy depo-
sitions above 1.2MeV, in blue, for depositions between 0 and 1.2GeV and
in magenta, for no energy deposition.
Fig. 5.8.
Thereby, the muon hits are classified by the amount of the energy deposition. A large
fraction of the accepted muons deposits energies predicted by the Bethe-Bloch formula
(green). The threshold of 1.2MeV is chosen, since at this value the distribution in
Fig. 5.6 has a steep turn on behavior. The geometrically-accepted muons depositing
very low or no energies are located particularly at the edges of the panels (blue and
magenta). The rejection of these muons is done by defining safety margins δη and δϕ
at the edges of the panels. The effect can be seen in Fig. 5.9. By having these safety
Figure 5.9: η-ϕ distribution of simulated muon hits with safety margins dη = 0.04 and
dϕ = 0.05 from the edges of the HO panels.
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margins, there is only a small fraction of muons depositing low energies. This remaining
low deposition behavior of muons can be explained by multiple scattering. A charged
particle traversing matter with the length L scatters several times deflecting away from
the original trajectory by an angle θ as depicted in Fig. 5.10.
Figure 5.10: The effect of multiple scattering. A particle incoming from the left and
traversing the distance L is scattered multiple times and deflected by an
angle θ. Adapted from [62].
Due to the multiple scattering these muons being accepted geometrically do not traverse
the HO system. Therefore, either they do not deposit energies or due to the appearance
of delta electrons they deposit very low energies.
With these results, the safety margins for the study on 2012 data are chosen to ∆η = 0.04
and ∆ϕ = 0.05 rad. These values are 10% of the HO panel sizes and approximately the
double of the offset determined above. They are not meant to be optimal, since also
muons with high-energy depositions are rejected. In the reconstruction step of the data
reprocessing, several tools are implemented to allow a more sophisticated propagating of
the tracks to the HO system. Hence, the values for the safety margins can be optimized
or even dropped. However, due to the large amount of available data, this rejection is
still acceptable.
5.2 Studies on detection efficiency of prompt muons using
2012 data
With the analysis of data from proton-proton collisions, taken with the CMS experiment
in the run period A in 2012, fundamental questions concerning the MTT development
can be answered. One of the main issues is the muon detection capability of a thin scin-
tillator system read out by SiPMs under realistic conditions. For this purpose, standard
CMS event-cleaning procedures have to be applied to the recorded data. Furthermore,
events containing muons have to be selected independent of the underlying physics pro-
cess. These selection steps are explained in the following section.
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5.2.1 Event selection
The CMS experiment records data accepted by a two-stage trigger, as explained in
section 2.2.7. The output of the second trigger stage, the HLT, consists of many trigger
paths, which are collected in so-called streams. Some of them are inclusive like the single-
muon trigger SingleMu, collecting several trigger requirements. A list of the content of
this trigger is given in Appendix A. The single-muon trigger is formed from the following
requirements [5]:
• Match of low quality CSC tracks to RPC tracks at Level 1 (not important in this
analysis, but listed here for the sake of completeness),
• Standalone reconstruction of muons with a valid extrapolation to the vertex,
• In the barrel region, reconstruction of one or more DT track segments, whereas
the sum of these segments together with the RPC hits must exceed three,
• Muon track with more than five tracker hits.
For the event selection in the following, more than 19 million events are available, which
are triggered fulfilling the SingleMu conditions in the run period A in 2012. Since this
amount of muons is sufficient for the analysis, represented in this chapter, the remaining
2012 data taking periods B, C and D are not considered.
During the data taking, the detector was not always turned on entirely or working
properly with all its components. From time to time, some operation parameters of
subdetectors had to be readjusted etc. The collision data in these cases is not satisfying
for physics analyses and hence they have to be filtered out. In the CMS experiment this
is done by using so-called JSON files listing the good data-taking periods. In the run
period A, in 2012, about 14 million events remain after these cleaning requirement.
Furthermore, the events have to satisfy additional selection criteria and undergo some
additional cleaning procedure. First of all, events from beam background [77] are re-
moved. These events are characterized by a very high hit occupancy of the pixel detector
in the order of several ten thousand hits. In contrast to that, in a common event, hit
occupancies of several thousand hits are expected in the pixel detector. However, with
the single muon trigger requirement these events are already highly suppressed (see ta-
ble 5.1).
In a second step, a primary vertex filter [23] is applied to select events containing vertices
with specific parameter values. In the CMS experiment, the primary vertices are recon-
structed as default during the standard reconstruction sequence. Afterwards, they are
stored event by event in collections depending on the usage of the beam spot information.
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By default, the beam spot is only used to filter tracks used for the vertex reconstruc-
tion. The collection of these vertices is called offlinePrimaryVertices. Using this
collection, only those events are selected, which fulfill the following requirements:
• minimum number of degrees of freedom ndof of the vertex is four. Thereby, ndof =
2
∑nTracks
i=1 wi − 3, with the track weights wi [35],
• maximum distance on the z axis between the vertex and the origin of the CMS
coordinate system is 24 cm,
• maximum impact parameter of the vertex d0 is 2 cm.
The vertices selected in this way are also required by the muon selection later on. In
table 5.1 the cut flow of the event selection can be seen.
Table 5.1: The cut flow of the event selection for the analysis of the muon detection
capability of HO using the 2012 data.
cut remaining events
no/initial 13 766 979
background removal 13 766 882
primary vertex filter 8 763 933
5.2.2 Muon selection
The muons in the selected events have to fulfill further requirements. First of all, a
combined cut is applied to select events in which muons are reconstructed as global
muons with transverse momenta pT greater than 26GeV and pseudorapidities of |ηµ| <
0.8. The latter requirement ensures the muons to be in the coverage region of the barrel
muon system with its four stations and hence the high-quality triggering using the entire
muon system in this region. Afterwards, only those events with exactly one muon are
selected. This simplifies the matching of the muons to the correct HO tiles. In the next
step, the events are selected in which muons are identified as tight selection muons. In
[79] all requirements on muons to have a tight identification are given. Summarizing,
this selection applies quality cuts especially on the muon track parts measured in the
pixel and strip tracker.
In addition, all selected tight muons have to be well-isolated. This is done by a particle-
flow based, combined relative isolation I:
I =
∑
EchHadT +
∑
EneutHadT +
∑
EγT
pT
, (5.8)
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where EchHadT is the transverse energy of a charged hadron in a cone of ∆R = 0.4 around
the muon, EneutHadT the corresponding quantity for a neutral hadron and E
γ
T for a pho-
ton. Thereby, higher values of I correspond to higher amount of background occupation
of the detector with non-muonic components within the defined cone. By default, two I
values are recommended for CMS analyses dependent on the tightness of the isolation
required. For this analysis, the tighter isolation criterion of I < 0.2 is applied.
In Table 5.2, the cut flow for the muon selection is shown. Thereby, the remaining
numbers of events after the corresponding cut are listed.
Table 5.2: The cut flow of the selection for the 2012 data analysis.
cut remaining events
combined pT and η cut 2 919 205
one muon per event 2 836 911
tight id requirement 2 567 214
muon isolation 1 047 283
The last selection procedure is the acceptance requirement of muons by the HO geom-
etry. This is done by MuonHOAcceptance, as explained in section 5.1. In Fig. 5.11,
the η and ϕ-coordinates of all muons are shown which are available after the selection
described above. The dips at η = −0.3 and η = 0.3 can be explained by the existence
of two CMS supporting structures and the gaps between the barrel ring YB0 and its
adjacent rings YB±1. In these regions, the triggering, the reconstruction and especially
the identification of tight-selection muons is difficult.
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Figure 5.11: The η and ϕ-coordinates of selected muons from 2012 collisions data before
requiring the HO acceptance.
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In case of real-data studies, where muons with low transverse momenta and hence with
higher track bending exist, the usage of the four-momentum information for the geo-
metrical acceptance is not sufficient. For this reason, a standard tracking tool, called
TrackDetMatchInfo, is used to determine the η and ϕ-coordinates of the muon tracks
at the radial position of HO. Doing a helix approximation, TrackDetMatchInfo collects
the information on energy, crossed detector units etc. along a particle track. Among
this information HO related parts like the detector IDs of the tiles crossed by the muon,
the reconstructed hits in these tiles or the global position of the track at HO etc. can
be found as well. The η and ϕ-values of the muon position at HO are then entered into
the MuonHOAcceptance class, which accepts or rejects the muons (see Fig. 5.12).
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Figure 5.12: The η and ϕ-coordinates of geometrically accepted muons in HO.
The remaining selection criterion is the acceptance of muons in properly working HO
tiles. Since the situation of the quality conditions of the HO units change during the
data taking, the picture of the η and ϕ-distribution of these selected muons is not infor-
mative. However, MuonHOAcceptance together with the correct globaltag can consider
run period by run period the correct acceptance geometries of HO for each muon.
With these event and muon selection in total 877 201 events are available for the studies
in the following section. This corresponds to around 16% loss of muons by requiring the
HO acceptance.
5.2.3 Energy distribution of reconstructed muon hits in the HO system
Using the information from TrackDetMatchInfo along the muon track, the energy dis-
tribution of the reconstructed hits in the tiles crossed by selected muons can be investi-
gated. Since the HO system was read out partially by SiPMs (see chapter 4), the muons
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traversing those tiles are separated from all detected muons to see the impact of the
SiPM readout.
In Fig. 5.13, the reconstructed energy in the tiles with HPD readout, is shown as a
reference.
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Figure 5.13: The reconstructed energies in HO tiles with HPD readout in case of muon
transition. The distribution is normalized to unity.
Thereby, the reconstructed energies in a grid of 3× 3 around the tile with muon transi-
tion are summed. In the hadronic calorimeter of CMS, the measurement of energies is
given in equivalent energies in GeV. Their absolute values are available only after the
execution of the jet algorithms. This behavior is explained by different calibrations of
the subdetectors of the calorimeter system. Therefore, in this thesis, the reconstructed
energies in HO will not be given in GeV, but in arbitrary units.
Besides this, two other issues can be observed. On the one hand, the expected shape
of the energy distribution is a Landau distribution which is convoluted with a Gaussian
distribution. While the Landau part of the convolution represents the typical energy loss
of charged particles traversing matter (see section 5.1), the Gaussian part explains the
statistical fluctuations of the frontend readout of the detector. The fit to the distribution
in Fig. 5.13 shows that it can be described by a Landau-Gauss convolution. However,
the choice of low thresholds for the fit leads to a worse fit. This behavior is due to the
bad performance of the HPDs in the magnetic field of CMS as described in the section
4. On the other hand, the inefficiency of detecting muons can be observed by the zero
bin of the distribution. For around 14% of all selected muons, the reconstructed energy
in the part with HPD readout is very low and hence these muons are assumed to be
undetected.
Looking at the energy distribution in the tiles with SiPM readout, a higher efficiency
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Figure 5.14: The reconstructed energies in HO tiles with SiPM readout in case of muon
transition. The distribution is normalized to unity. The dashed line rep-
resents a Gauss-convoluted Landau fit.
is expected due to the better S/N ratio of SiPMs compared to the HPDs. In Fig. 5.14,
the reconstructed energy in the 3× 3 grid around the tiles with a SiPM readout, which
are crossed by a muon, is shown. The first issue is the shape of the distribution, which
is more Landau-Gauss like. Furthermore, there are only 2% of selected muons with
very small energy depositions (seen in the first bin). This illustrates the seven times
better performance of HO with SiPM readout detecting muons as compared to the HPD
readout.
In Fig. 5.15, the energy distributions from Fig. 5.13 and Fig. 5.14 plotted together.
Besides the shape and efficiency issues described above, the MPV of the Landau-Gauss
convolution in SiPM tiles is shifted to lower values compared to the HPD tiles (left
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Figure 5.15: Left: Comparison of the reconstructed energies in HO tiles with SiPM
readout and HPD readout in case of muon transition. The distributions
are normalized to unity. Right: Same plot as on the left hand side, but
with a rescaled SiPM distribution.
Chapter 5. Studies with the Hadron Outer Calorimeter 65
plot). The different readouts are calibrated in different ways, thus the measured equiva-
lent energy differs in SiPM and HPD readouts. However, since in both cases the energy
distribution corresponds to the distribution of muons with MIP behavior, the MPV is
expected to be the same. Therefore, the SiPM distribution is rescaled to the higher bins
in a way fulfilling this expectation (right plot).
Here another advantage of SiPM readout can be seen clearly. The separability of the well
measured muons from the badly measured muons by defining a cut on the reconstructed
energy is easier in the case of the SiPM readout. This is possible due to the sharp turn
on behavior in the SiPM distribution at very low bins.
Defining safety margins, as described in section 5.1, an improvement on detection effi-
ciency can be tested. For this purpose the values dη = 0.04 and dϕ = 0.05 are used.
The energy distributions of the hits in the SiPM tiles and HPD tiles along the muon
track are shown in Fig. 5.16.
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Figure 5.16: Reconstructed energies in HO tiles with SiPM readout and HPD readout
in case of muon transition. For this plot safety margins of dη = 0.04 and
dϕ = 0.05 are applied. The distributions are normalized to unity.
In both cases, the improvement is relatively low, below 1%, compared to the high re-
jection region per panel of 10% in η and ϕ direction each. Therefore, in this and in the
following analysis the safety margins are set to zero.
Summarizing this section, the acceptance of HO can be determined to 84% for the
performed event and muon selection in 2012 data. This acceptance consists of 9% ge-
ometrical rejection and 7% frontend inefficiencies. The geometrical rejection can not
be reduced easily in a muon-system-based analysis, since for tight muon selection well
triggered muons are required. This is only possible with the consideration of the entire
depth of the muon system up to the fourth muon stations. However, the inefficiencies
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in the frontend electronics can be suppressed with more reliable components.
In those parts of the HO detector with HPD readout, the measurement inefficiency for
well-isolated, tight-selection muons is 14%, which results in a total detection efficiency
of 84% · 86% = 72%. In case of SiPM readout, the measurement inefficiency is at
around 2% and, therefore, it is seven times better than the HPD readout. Combined
with the geometrical acceptance of HO, a total efficiency for the SiPM readout can be
determined to 84% · 98% = 82%.
5.2.4 Detection efficiency for muons from Z boson decays
In the study, introduced in section 5.2.3, the detection efficiency of tight muons in HO is
investigated. For a stronger statement on detection efficiency of muons in HO, a physics
case has to be considered. One of the suitable processes is the decay of a Z boson into
two muons. In this decay, two well-isolated, high-energetic tight-muons are expected.
The procedure described in section 5.2.2 selects already such muons. However, in this
analysis, instead of selecting only one muon events containing two muons are considered.
Furthermore, the invariant mass of these muons has to be calculated and matched to
the theoretical Z boson mass of 91.2GeV [62]. The invariant mass distribution of the
two muons is shown in Fig. 5.17. As expected, the peak arising from the Z boson decay
at around 90GeV can be seen.
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Figure 5.17: The invariant-mass distribution of the dimuon system in selected events.
It is important to investigate the energy measurement in HO tiles crossed by the muons
from the Z boson decay. On the one hand, as discussed in section 5.2.3, the HPD readout
is not very efficient. On the other hand, the statistical significance of the consideration of
only SiPM tiles crossed by the muons is not sufficient. The reason for the latter issue is
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given by the location of the SiPM tiles. As described in chapter 4, these tiles are located
in rings +1 and +2 covering only a tiny part of the phase space of the Z boson decay.
The direction of the muon propagation from the decay depends on the boost of the Z
boson. To detect muons in the SiPM tiles, both muons have to propagate in the same
direction with a relatively small angle between them. This requires a highly boosted
Z boson making the appearance of such events less possible. Therefore, in the 2012
data taken in the run period A no events with such high-boost Z boson are observed.
Extending the analysis to the data taken in run periods B and C only six events can
be found. Although these muons are measured properly in the HO system, a statement
with statistical significance can not be done due to the low number of events.
Despite the HPDs not working well, this analysis is tested with the data from the central
ring. Due to the double-layer structure of HO in this region, it is possible to suppress
the noise of the HPDs and expect correct measurement of energy depositions of muons.
In Fig. 5.18, the energy distributions of the hits reconstructed in the HO system along
the muon tracks are depicted.
Thereby, the invariant mass of the dimuon system containing these muons is within
a mass window of 40GeV around the theoretical value of 91.2GeV. About 13% of
all selected muons are not detected in the HO system, since the deposited energy is
measured to values not sufficiently higher than zero (seen in the zero bin). Combining
the inefficiencies for both muons, the detection efficiency of a muon pair from Z boson
decays can be determined to 87% · 87% ≈ 76%. Obviously, even the double-layer
structure of HO in the central ring is not sufficient enough to compensate the bad
performance of the HPD readout. For a more sophisticated study, the collisions data
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Figure 5.18: Energy distributions of hits reconstructed in HO along the two muon tracks
from Z boson decays. Thereby, the energies are summed in a grid of 3× 3
around the tile traversed by the corresponding muon.
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from 2015 collected with the upgraded HO system has to be considered.
5.3 Studies on detection efficiency of cosmic muons using
the GRIN data
In November 2013, the CMS detector has taken data of cosmic muons during a global
run, calledGlobalRun InNovember (GRIN). For this operation, the magnet was turned
off. The aim was to check the functionality of subsystems after the long operation break
in the first long shutdown. However, the data can also be used to study the response
behavior of different upgraded subsystems like the HO detector.
5.3.1 Detector setup and preparation of the data
During the GRIN, the HO system was partially used and the following parts were already
instrumented with the next generation SiPMs:
• All YB-2, YB-1,
• 7 of 12 sectors in YB0 (sectors 1, 4, 5, 7, 8, 9, 12),
• 2 of 12 sectors in YB+1 (sectors 3, 4),
• 2 of 12 sectors in YB+2 (sectors 3, 4)
These SiPMs have a better functionality compared to the first generation ones used
during Run-I. Since the trigger for cosmic muons was given by the muon system in the
wheels YB+1, YB+2 and YB0 only, the data from the corresponding parts of HO can be
analyzed. In addition, in only a few runs HCal/HO were marked as good based on their
performance. These are the runs 216232, 216311, 216312, 216420, 216423 and 216450,
respectively.
The recorded data of muons is in the CMS RAW format and has to be reconstructed
according to the standard cosmic reconstruction procedure of CMS. This procedure is
designed to reconstruct muon trajectories originating from outside of the CMS detector.
It consists of three parts:
• muon seed generator, generating trajectory seeds for further reconstruction,
• cosmic muon reconstructor, building muon trajectories within the muon system
alone,
• global cosmic muon reconstructor, building muon trajectories using both, the muon
and the tracker systems.
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As the cosmic muons can traverse the whole detector, an innermost state can be defined
to refer to the entrance point of the muon on the top of the CMS detector. In agreement
to that, the outermost state is also defined as the exit point of the muon on the bottom
of the detector. For cosmic muons, the entrance point are typically located above the
exit point.
On the other hand, the hit reconstruction in the HO system is done by standard CMS
procedures. However, in this thesis, not the hit reconstruction in HO but the detector
response in this system will be studied. This information is stored in the so called
HODIGI data format, which is described in more detail in the following.
5.3.2 Detector response in the HO system
The CMS data format DIGI contains information about the detector response to a
physical process like a muon transition. In case of HO, the measured signal is stored
as counts of an ADC for ten time slices in a HODIGI (see also in section 4). Each time
slice takes 25 ns thus the total considered time range in HODIGI is 250 ns. Thereby, the
measurement has to be calibrated and this is usually done using several records registered
during the data taking, like the HCalPedestalRecord or HCalElectronicsRecord. In
these records, event by event, the conditions of each readout unit, like the pedestal value
or the gain correction factor, is stored. However, in short run periods, like in the GRIN,
the calibration by records are not so expressive. Therefore, an alternative calibration
can be done using text files containing user-defined calibration values. For this study
such a calibration is performed, setting all pedestal corrections to zero, all gain and all
slope corrections to one. In Fig. 5.19, the calibrated ADC counts versus the time slices,
in which they are measured, are shown. In case of a muon transition, the measured
ADC counts in the corresponding time slice are clearly higher than without a muon
transition. This means that separating the muon signal from the noise is possible.
5.3.3 Purity studies
In [45] the functionality of the SiPMs is discussed. Studies on local detector data with
so-called finger spectra from the new SiPM readout of the upgraded HO system are
done and outlined in [44]. In this section, the HO data from GRIN and especially the
signal in one single, randomly chosen HO tile is investigated. The distribution of the
measured ADC counts in one arbitrary tile in all events is shown in Fig. 5.20. The
signal behavior is dominated by the noise spectrum. The first peak at around 30 ADC
counts is the pedestal peak. Furthermore, there are 3 additional peaks corresponding to
three firing cells of the SiPM. The distance between the peaks, which is the gain of the
SiPM, can be determined to six ADC counts. All these observations are consistent with
the expectations from the HO detector performance group as outlined in [44]. Since
Chapter 5. Studies with the Hadron Outer Calorimeter 70
time slice
0 1 2 3 4 5 6 7 8 9
AD
C 
co
un
ts
10
20
30
40
50
60
70
no muon transition
muon transition
GRIN dataCMS private work
Figure 5.19: The calibrated ADC counts versus the time slices in which they are mea-
sured: The dashed line in red represents a tile in which no interaction has
occurred (noise). The solid black line shows the signal in a tile with muon
transition.
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Figure 5.20: The signal distribution as a function of ADC counts in one arbitrary tile.
The first peak corresponds to the pedestal peak followed by the 1, 2, and
3 p.e. peaks. Further peaks can not be resolved.
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this study is done with only one arbitrary tile per event, the statistical significance is
relatively low. To study the behavior of the noise distribution with more data, all tiles
in each event without a muon transition should be taken into account. Thereby, a cut on
the ADC counts has to be defined above which the noise of the SiPMs does not contribute
to the measurement. The corresponding tiles are tagged using the TrackDetMatchInfo
tool, as described in the previous section. Afterwards, a safety region of 3x3 tiles around
this tagged tile is defined (see Fig. 5.21).
Figure 5.21: Illustration of the purity determination. The blue cross represents the HO
tile traversed by a muon. The eight blue hatched squares correspond to
the defined safety margin. For the noise distribution with high statistics
all measurements in the dotted red tiles are used.
ADC counts
10 15 20 25 30 35 40 45 50 55 60
pr
ob
ab
ilit
y
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
GRIN dataCMS private work
Figure 5.22: The signal distribution as a function of ADC counts for all tiles without
muon transition. The distribution is normalized to unity.
Chapter 5. Studies with the Hadron Outer Calorimeter 72
With all remaining tiles in all events the noise distribution with higher statistics than
in Fig. 5.20 can be determined (see Fig. 5.22). Due to the smearing of the peaks, these
are not visible anymore. The reason for that is the statistical fluctuation of each peak
in the finger spectrum as shown in Fig. 5.20. Since the distance between the peaks
is around 6 ADC counts, an uncertainty for this variable can be estimated to 3 ADC
counts. Furthermore, above 50 ADC counts there is no significant contribution. Using
this behavior, the purity p of the muon signal can be defined as:
p =
number of entries below threshold
number of all entries
, (5.9)
5.3.4 Efficiency studies
After having a method to estimate the purity, the muon signal itself has to be analyzed.
Using again the TrackDetMatchInfo tool, the tiles with a muon transition can be found
and the corresponding DIGI information can be analyzed. For this purpose an integra-
tion over four time slices is done to define the signal. The choice of the correct four time
slices is important and is done as described in the following:
• Find the time slice i with the highest ADC counts.
• If i is between the first and the seventh (inclusively) time slice, sum ADC counts
of the time slice i− 1, i+ 1 and i+ 2 to the ADC counts of i.
• Since this procedure is not working for i = 0, i = 8 or i = 9, in these cases, use
per default time slices two to five for the integration.
In Fig. 5.23, the integrated value of ADC counts from tiles with muon transitions is
plotted. The main issue is the number of tiles with very low ADC counts (first peak).
In these tiles, in contrary to the expectation from Fig. 5.19, the measured ADC counts
do not correspond to a muon transition. Setting a threshold on the x axis, an efficiency
 and an inefficiency 1− , respectively, can be defined as:
 =
number of entries above threshold
number of all entries
. (5.10)
If the threshold is set to 60 ADC counts, 80% of muons have a signal above this threshold.
The reason for this behavior could be a first hint of detector inefficiencies. But also, the
functionality of the TrackDetMatchInfo tool can be doubted. To study the latter, the
search for the correct tile is not restricted to one tile predicted by TrackDetMatchInfo
but all neighbor tiles are included. In this neighborhood the integration of time slices is
done in each tile as described above. Afterwards, the tile is chosen to be the correct one
if the value of the integrated ADC counts is maximum. In case of the matching tool is
working correctly, the search in the neighbor tiles should have no effect on the signal dis-
tribution from Fig. 5.23. However, in Fig. 5.24 the improvement can be seen. Choosing
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Figure 5.23: The signal in ADC counts from tiles with muon transition. The distribu-
tion is normalized to unity.
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Figure 5.24: Left: The signal distribution in case of considering a 3×3 grid around the
tile predicted by the matching tool. Right: Comparison between the top
distribution (in red) and the distribution from Fig. 5.23.
a search grid of 3 × 3 around the predicted tile leads to a smaller first accumulation
representing bad measured muons. The measurement for these muons is, as expected,
higher than the values around the first accumulation, as it can be seen in the difference
of the second accumulations in red and black distributions. The efficiency in the red
distribution can be determined to 92% requiring the same cut-off at 60 ADC counts.
With a larger grid size of 5 × 5, there is no significant increase on the quality of the
distribution or the efficiency (see Fig. 5.25). This means, that the TrackDetMatchInfo
is locating the correct tile in 80% of all cases and in 12% of all cases it misses it by
one neighbor tile for the given threshold. The remaining 8% inefficiency depends on the
choice of the cut-off at 60 ADC counts as welland can be further investigated combining
the purity considerations.
The second issue is the shape of the signal. A Gauss-convoluted Landau fit on the signal
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Figure 5.25: Comparison of the signal distributions for different grid sizes. The solid
distribution in red shows the case of a grid size of 1 × 1, the dashed
distribution in black the case of the 3× 3 grid size and the dashed-dotted
distribution in blue a grid size of 5× 5.
(above threshold) is shown in Fig. 5.26. Obviously, the shape can not be described with
this fit very well. It has been found that the reason is the difference in distances of tiles
from the readout modules. The intensity of the light signals drops with the length of
the fibre, as explained in chapter 4, especially in Fig. 4.7. Therefore, one has to compare
tiles with the same fiber lengths only. This is done in Fig. 5.27 resulting in a much
better fit.
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Figure 5.26: The signal from Fig. 5.23 above a threshold of 60 ADC counts. The dashed
red line shows a Gauss-convoluted Landau fit, which does not describe the
behavior very well.
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Figure 5.27: Signal distribution from tiles with muon transition, which are compara-
ble due to their distance to the readout modules. The dashed red line
represents a Gauss-convoluted Landau fit.
5.3.5 Working point for triggering muons
The requirement for a good particle detector is to work with high efficiency at high
purity. In the previous sections the thresholds for the efficiency and the fits were chosen
arbitrarily “by eye”. After combining the observables, efficiency and purity as a function
of the threshold in ADC counts, a more suitable threshold can be determined. This is
depicted in Fig. 5.28. The intersection point of both curves is at 40 ADC counts. At
this point the purity and the efficiency accounts to around 97%. In a more conservative
way, the threshold can be increased to 50 ADC counts leading to a highly pure signal
of 99.9% by decreasing the efficiency to 93%. Furthermore, with the uncertainty of
the ADC counts obtained from the noise distributions, as discussed in Fig. 5.22, the
robustness of the efficiency can be tested. Defining an error window of 6 ADC counts
around the chosen threshold of 50 ADC counts, the uncertainty of the efficiency can be
determined to ±0.2%. In the same error window, the uncertainty of the purity is in
per-mille range.
With the upgrade of the frontend readout to SiPMs, the HO system is capable of de-
tecting cosmic muons with high efficiency. This fact confirms also the observation of the
high detection efficiency of selected muons in 2012 data in SiPM tiles of the HO system.
More detailed studies can be done with the collisions data from 2015, after LHC and
CMS start again with the usual operation.
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Figure 5.28: Top: Signal purity (red triangels pointing downwards) and efficiency (black
triangles pointing upwards) as a function of ADC counts. Bottom: Same
graph zoomed in the intersection area. The dashed vertical lines in black
represent the uncertainty of ADC counts.
Chapter 6
Simulation of the first prototype
module for MTT with Geant 4
For the MTT concept, tiles of fast plastic scintillators with SiPM readout are under
investigation, as outlined in chapter 3. Since 2011, several prototype modules have
been developed and studied [72, 73, 82, 84]. The current status of the developments is
summarized in [45].
An important part of the prototype development is the comparison of the measurements
to predictions of simulations, as well as, the validation of assumptions concerning the
performance of the detector. In the scope of this thesis, a Geant 4 simulation of the
first prototype module is set up which has served as a starting point for simulations in
other thesis [52, 63]. In this chapter, after the description of the simulation setup, some
selected results are presented.
6.1 Geant 4
Geant (GEometry ANd Tracking) is a toolkit developed at CERN to simulate the in-
teractions of particles with the matter they traverse. The detailed description of this
toolkit can be found in [7]. The introduction given in this section is partially taken from
[7] and [53].
Geant uses Monte Carlo methods and this fourth version is based on the C++ program-
ming language. The toolkit, having a modular and hierarchical structure, considers
several aspects of the simulation of particle passages through matter. These aspects are
listed below:
77
Chapter 6. Simulation of the first prototype module for MTT with Geant 4 78
• the geometry of the matter,
• the materials from which the matter is made of,
• the particles to simulate,
• the tracking of particles through matter and electromagnetic fields,
• the physics processes describing particle interactions,
• the response of sensitive detector components,
• the visualization of the detector and particle trajectories,
• the analysis of simulation data at different levels of detail.
In order to set up a Geant 4 simulation, the user has to implement three mandatory
classes defining the basic features of the simulation.
The PrimaryGeneratorAction is one of these classes defining the properties of the pri-
mary particle. Beside the type of the particle, its initial energy, position and momentum
direction are given either by fixed values or by distributions.
The second mandatory class is UserDetectorConstruction, in which the user has to
describe the properties of the detector in terms of its geometry and material. Thereby,
all detector parts can be defined as geometrical objects which are provided by Geant 4
like boxes, cylinders or even more complex objects like polygons etc. Afterwards, so-
called logical volumes are assigned to this shapes defining the material from which they
are made.
There are two methods to implement the materials in the simulation. On the one hand,
the exact composition of the matter can be used with the classes defining elements,
compositions and isotopes. This approach allows high flexibility on manually modifying
the composition of the matter if required. On the other hand, within the Geant 4 en-
vironment the user has access to the databases of National Institute of Standards and
Technology (NIST). In these databases, a large number of predefined elements, material
compositions, or isotopes can be found. Defining a material properties table, the prop-
erties of the materials, like the absorption length or light yield of the scintillators, can
be assigned or modified as well.
On the surface between the components of the detector, the optical processes like the
reflection of photons etc. are by default calculated from the refractive indices of the
media on the both sides of this surface. However, this calculation does not consider the
surface properties itself like the roughness or the wrapping of detectors etc. These can
be implemented using a G4OpticalSurface.
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Once the logical volumes and the surface properties are defined, the shapes of the de-
tector parts are placed in the detector with respect to a coordinate system. With this,
positioning they become physical volumes. Thereby, Geant 4 allows the positioning of
multiple clones of these components using certain algorithms as well.
The third mandatory class is PhysicsList in which the particles and their physics pro-
cesses are defined. With this list the user selects the processes based on which the
particles interact with the detector in the simulation. Moreover, in PhysicsList the
parameters for these processes can be adjusted.
Besides the mandatory classes, there are five additional classes which can be used to
access and control the simulation at various stages. Those are, according to the depth
of the simulation level in which they operate, G4UserRunAction, G4UserEventAction,
G4UserTrackingAction, G4UserSteppingAction and G4UserStackingAction.
6.2 The simulation setup
The first MTT prototype module is described in chapter 3. In the early stages of
the development, three different MTT modules existed regarding the thickness of the
deployed scintillator. In this section, the setup of the Geant 4 simulation for the 3-mm
version is described.
6.2.1 Physics processes and primary particles
With the simulation introduced in this section, a comparison to the measurement of
the signal homogeneity of the MTT prototype is accomplished (see section 6.3). This
measurement is performed using the electrons from the β− decay of a 90Sr source which
is one of the 16 unstable isotopes of the chemical element strontium with a half-life of
28.78 years. It decays to yttrium emitting an electron, whereas the energy spectrum
of the electrons has a mean in the order of 1MeV. This type of particle and the mean
value motivate the choice of the primary particle as mono-energetic electrons with en-
ergies of 1MeV. The investigation of other issues, explained in section 6.3, are based on
the properties of the photons generated by the passage of any charged particle through
matter. Hence, for these studies electrons with 1MeV energy are used as well, whereas
any other charged particle also could have served as primary particle.
The interaction of the generated particles with the scintillator of the prototype is de-
scribed by the physics processes, defined in the PhysicsList. In this simulation, stan-
dard processes are used to consider electromagnetic physics, optical physics and the
decay behaviour of the particles. The simulation of optical physics in Geant 4 is very
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time consuming and hence the maximum number of photons tracked per simulation step
is set to 100 to save computing time.
6.2.2 The detector setup
The scintillator
The scintillator, deployed in the MTT prototype module, is a tile with 10 cm length,
10 cm width and 3mm thickness. This box includes the grooves for the fibers, which are
unifications of a box with the length of 10 cm, the width and depth of 1.24mm and a
tube with the radius of 0.62 cm (see Fig. 6.1 left side).
Figure 6.1: Left: Lateral view of the scintillator with the groove for the left fiber. Right:
Cross section of the fiber with the core and the claddings.
Thereby, the dimensions are chosen to consider the deployment of an optical grease be-
tween the scintillator and the fibers as well. For such a composition of different solids,
Geant 4 provides boolean operations to unify or to subtract the volumes. With the
subtraction of the two grooves from the box with the dimensions given above the solid
for MTT scintillator is created.
Accessing the NIST database and using G4_POLYSTYRENE, polystyrene, a synthetic aro-
matic polymer, is applied to the solid of the scintillator. Thereby, in the NIST database
the material properties are not stored and they have to be set within the material prop-
erties table additionally. For this purpose, the needed parameters are extracted from
the data sheet of the scintillator [18].
To investigate the benefit of a wrapping and the finishing of its surface, the scintillator
is simulated either as polished surface with a polytetrafluoroethylene (Teflon R©) cover or
as a rough surface without any cover. Thereby, in both cases the reflectivity is set to
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values of between 65% and 95% dependent on the energy of the optical photons between
2 eV and 3.3 eV (linear correlation).
The WLS fiber
On both sides of the scintillator, two double-clad round fibers are embedded, each with a
length of 10 cm and the total radius of 0.5mm. The choice of the fiber diameter of 1mm
is motivated by the SiPM readout with a sensitive area of 1×1mm2. The core of one fiber
has a diameter of 0.96mm and is clad by one layer with the radial extension of 3% of the
fiber diameter. This construction is clad by an additional layer with a radial extension
of 1% of the fiber diameter. The inner cladding is made of polyethylene (plastic), which
is implemented from the NIST database using G4_POLYETHYLENE. Modifying the same
material, the outer cladding can be added, which has a lower density because of its
fluorination. For the core of the fiber, polymethylmethacrylat (PMMA) is used, which
is not available in the NIST database. Therefore, defining the exact composition and the
density, this new material is created. The parameters for the material property tables
are taken from the data sheet [40]. The cross section of the fiber is depicted in Fig. 6.1
on the right side.
Furthermore, as shown in Fig. 3.7, the fibers have a complex shape, especially outside
of the scintillator. Those parts of the fibers embedded in the scintillator are common
tubes with 10 cm length and 0.5mm radius. For simplicity reasons, the curved fiber
parts outside of the scintillator (see Fig. 3.7) are replaced by a straight fiber part of
5mm length (see Fig. 6.2).
Figure 6.2: The simulated MTT module with the scintillator (white with blue frame)
and two fibers (red). Due to a depiction problem of Geant 4 the lateral
surface between the two fibers is shaded blue.
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The end of the fiber, which is not read out, is painted with a reflective paint to minimize
the light loss on this surface. This is implemented in the simulation as well, defining
an optical surface similar to the surface of the wrapped and polished scintillator, as
described above.
The optical grease
Total reflection can occur at the contact surface between two media with different refrac-
tive indices, for example between the scintillator and the fiber. The total reflection angle
is smaller for higher differences of the refractive indices of the media. Since a perfect
contact between the scintillator and the fiber surface can not be archived and air gaps
with a lower refractive index appear, this angle is even smaller in reality. This leads to
losses in photon output of the detector, because of the high probability of reflecting the
photons back into the scintillator. Therefore, an optical grease is deployed between the
scintillator and the fibers, which has a refractive index higher than the fibers and lower
than the scintillator. This reduces the total reflection probability of optical photons on
the surface and hence the amount of the loss of photon output. The material for the
optical grease is polyoxymethylene which is implemented again from the NIST database
using G4_POLYOXYMETHYLENE. Afterwards, the parameters from the data sheet [41] are
entered into the properties table of the optical grease.
The sensitive volume
A sensitive detector has to be constructed to collect the data from photons coming out of
the fiber. Usually, this detector part would be the SiPM like it is deployed in the MTT
prototype module to be simulated. Therefore, either a detailed description of the SiPM
has to be considered or a dummy volume can be applied. Since a detailed simulation of
SiPM including a reasonable electrical model was already in development [66], in this
simulation a “dummy” sensitive detector is applied and connected directly to the fiber
end.
6.3 Selected results of the simulation studies
The simulation is validated investigating the wavelength distribution of the readout
photons at the end of the fibers. The wavelength is calculated using the relation hc/Eγkin
and it is depicted together with the theoretical spectrum in Fig. 6.3. Thereby, this
distribution is compared to the emission spectrum of the wavelength shifting fiber from
its data sheet [40]. The simulation output displays the theoretical spectrum very well.
Furthermore, again for validation purposes, the spatial photon distribution at the end
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Figure 6.3: Top: The emission and absorption spectra of the fiber taken from the data
sheet [40]. Bottom: The wavelength distribution of photons at the end of
the fibers, which matches to the theoretical emission spectrum.
of the fibers is investigated. It has been shown already in [65, 69] that the photons
are accumulated preferably at the edge of the fiber. Using the present simulation, this
distribution is illustrated in Fig. 6.4, showing the expected behaviour for both fibers of
the MTT prototype module.
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Figure 6.4: Lateral views on the ends of the left and right fibers. The positions of
exiting photons are shown.
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6.3.1 Anglular distribution of photons at the end of the fibers
Starting from this point, the exit angles θ of the photons at the end of the fibers with
respect to the normal vector of the fiber are studied. Propagating and exiting at the
edge of the fiber, the photons can not hit the sensitive areas of the SiPMs homogenously.
Moreover, the hit positions may be close to the edges of the sensitive area which, de-
pending on the exit angle, will not make the detection of all photons possible. Plotting
the angular distribution depending on the distance d from the center of the fiber, a
higher number of entries is expected for higher d values. This can be explained, on the
one hand, due to the preference of photons observed in Fig. 6.4. On the other hand, this
behaviour is amplified simply by the fact that the circumferences of concentric circles
with a radius d increase for increasing d values. Therefore, the number of entries have to
be normalized by the corresponding radius d. In Fig. 6.5, this normalized distribution
is shown.
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Figure 6.5: The exit angles of photons at the end of the fibers depending on the radial
distance d from the center of the fiber. The colour-coded z axis is normalized
by the corresponding distance d.
A broad accumulation at the values of 10◦ − 30◦ can be observed. Furthermore, at
maximum distances from the center (d → 0.5mm), also large exit angles of 70◦ − 80◦
are preferred. To estimate the ratio of the entries with this large exit angles, the dis-
tribution is displayed in a way that the entries in each bin are normalized to the sum
of the entries in the corresponding d bin (see Fig. 6.6). One of the observations is that
at central positions (d ≈ 0) almost all photons leave the fiber with an angle between
10◦ − 30◦. This behaviour is slightly shifted to higher angles with higher radii. For
maximal values of d (last d bin in Fig. 6.6), the probabilities are distributed flat over
the whole range of possible angles, whereas with 19% large angles are prefered most.
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Figure 6.6: The plot from Fig. 6.5 with entries normalized to the d value of the corre-
sponding bin.
This observations have to be considered for the coupling of the SiPMs to the fibers. The
distance between the fiber end and the SiPM, for instance, can be optimized to detect
all photons with exit angles up to 30◦. Furthermore, at least a medium with a refractive
index similar to the fiber index can be implemented in the gap between the fiber and the
SiPM in order to decrease the deflection of the exit angle. An alternative could also be
a light collector, which can reflect the photons with big exit angles back to the sensitive
area of the SiPMs.
6.3.2 Wrapping
One of the central questions at the beginning of the prototype development was to de-
termine the benefit of the wrapping of the scintillators. As explained in section 6.2,
the surface of the scintillator is simulated as a polished optical surface having polyte-
trafluoroethylene (Teflon R©) properties. In Fig. 6.7 the photon output is depicted for
both cases, wrapped and unwrapped scintillator. In case of the unwrapped scintillator
the number of photons leaving the fiber is very low compared to the case of wrapped
scintillator where in average 36 photons are expected. This behaviour can be verified by
looking at the simulation of the photons generated by the transition of an electron with
an energy of 1MeV through the scintillator (see Fig. 6.8).
In the simulation, the photon generation is uniform and the photons propagate to the
surface of the scintillator. If the surface is rough and without any wrapping, the photons
leave the scintillator easily and the amount of detectable photons at the end of the fibers
is low (see Fig. 6.8 left side). For the polished and wrapped scintillator the probability
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Figure 6.7: Number of photons in the simulation leaving the fiber for a wrapped scin-
tillator (red) and an unwrapped scintillator (black).
Figure 6.8: Left: Simulation of the scintillator with rough surface and no wrapping.
The photons (in green) leave the scintillator without being reflected on the
surface. The detector is highlighted in black for a better visibility. Right:
The same simulation, but with a polished and wrapped scintillator. Due to
the better reflectivity, the photon output is higher.
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of the reflection at the surface is higher and hence more photons reach the fibers and
can be detected (Fig. 6.8 right side).
6.3.3 Homogeneity
The last result represented in this chapter is the investigation of the signal homogeneity
of the first MTT module. In the scope of the thesis [63], this property is measured using
a 90Sr source. Thereby, a grid of nine points is defined on the surface of the scintillator,
as shown in Fig. 6.9.
Figure 6.9: A picture of the plastic cover of the first MTT prototype module with nine
measurement points for the grid scan with a 90Sr source.
On the top of these immersions the 90Sr source is centered. Because of the relatively
low energies of the emitted electrons, the plastic cover of the scintillator is milled at
the measurement points allowing an easy access of electrons in the detector. A trigger
threshold is set to 40mV which corresponds to 1.5 p.e. and the entire measurement
is performed for both SiPMs. Afterwards, the noise rate is determined separately and
subtracted from the measured rates. Furthermore, the measurement time is taken into
account to investigate rates instead of counts. This resulting rates per grid point for
the deployed SiPMs at the end of the left fiber, as depicted in Fig. 3.7, are shown in
Fig. 6.10. Since the considered fiber and SiPM (A) is located on the negative x side,
the measurement at the corresponding grid points show higher rates. However, overall
a relative homogenous behaviour can be observed.
In parallel to this measurement, in the scope of this thesis and the thesis [63] a simu-
lation is performed using mono-energetic electrons with 1MeV energy. The detector is
constructed according to the set up described in section 6.2, especially with the wrapped
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Figure 6.10: Results from the grid scan of the MTT prototype module with a 90Sr source
[63]. The counting rates at each grid point are a measure of the detection
quality of the detector and together they represent the homogeneity of the
detector. Detailed interpretation of the measurement is given in [63].
and polished scintillator. The electrons enter the detector perpendicularly at the nine
measurement positions.
The number of photons at the end of the fibers is counted to compare them to the
counting rate of the grid measurement explained above. In Fig. 6.11 this numbers from
the simulation are shown in each grid position for the left SiPM. Since, the SiPMs are
not simulated in detail like, for instance, considering the photon detection efficiency, the
afterpulsing and the optical crosstalk etc. only a qualitative comparison can be done
between the simulation and the measurement. In accordance with the measurement
results, the number of photons detected by the SiPM is higher for electron entrances on
the corresponding detector side.
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Figure 6.11: The simulation result of the grid scan with mono-energetic 1-MeV elec-
trons. Thereby 1000 electrons per grid point are simulated and the sum
of the readout photons at each grid point is determined.

Chapter 7
Integration of a new scintillator
system in the CMS Geometry
The impact of the CMS detector extension by MTT has to be studied considering physics
processes, as it is done for the HO system with Z boson decays in chapter 5. Moreover,
the development of a future L1 trigger concept extended by the consideration of the
MTT response is only possible with the implementation of the detector description
of this new system in the standard CMS geometry description and considering it in
the simulation and reconstruction chains. In this chapter, the detector description of
CMS is introduced. Afterwards, the XML based geometry description of MTT and its
implementation in the CMS geometry is explained which is done in the scope of this
thesis in cooperation with the thesis [59]. The content of this chapter is published within
the CMS collaboration in the detector note CMS-DN-14-008 [44]. Thereby, the author
of this thesis has developed this content in collaboration with a master student.
7.1 The geometry model of CMS
The geometry model of CMS is constructed hierarchically and realized by a XML based
detector description language (DDL) [21]. For different purposes different geometry de-
scriptions are applied. On the one side, the so-called simulation geometry is defined
to be used in the simulation of the particle passages through the detector which is de-
scribed by Geant 4 [7]. It needs all parts of the detector to be defined in terms of shape,
material type and position. On the other side, the reconstruction geometry cares about
reconstructing the event from information provided by only those detector parts needed
to define hits and tracks. Thereby, it requires both the Geant 4 description of these
parts (shape, material, position) and a conversion from local to global coordinates in
the CMS coordinate system.
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A package within CMSSW, called Geometry, contains both geometry models including
sensitive detector identification, relevant coordinate transformations, and shape parame-
ters etc. This package is also the repository for the XML files containing the information
needed by the detector description. These sets of XML files provide different scenarios
like the extended scenario, including the forward detectors, or the ideal scenario without
them. Ideal is used to mark the scenario in which the misalignment of the detector is
not included as well. Hence, it is the best shape estimation of the real detector.
All physics or performance analyses in CMS require the declaration of the geometry to be
able to assign the objects like hits or tracks to the correct detector units etc. Therefore,
the user has to decide on a proper geometry description. Thereby, either the geometry
can be built by XML files directly or an in-memory model of the detector description can
be used which is stored within the CMS conditions database system. In the first case,
the advantage is the ability to modify the geometry as desired by, for instance, defining
additional detector descriptions or changing properties of existing detector units. With
the usage of the in-memory model an always up-to-date geometry is available, however,
there is almost no flexibility for the user to modify the geometry if desired.
In the implementation of the MTT system, the geometry is built directly from the set of
XML files defining the ideal case and adding the XML description of the MTT detector.
Afterwards, the availability of the geometry on run time is ensured by the ESProducer
called XMLIdealGeometryESSource. This producer converts the XML description of the
geometry in a C++ based model. Therefore, together with the XML description, the
MTT geometry has to be implemented in C++ language. For this purpose the following
hierarchy is chosen:
• the basic unit, the wrapped scintillator, described by MTTTile,
• the next superior detector unit containing several tiles with its corresponding class
MTTStrip,
• a layer consisting of a certain amount of strips and its class MTTLayer,
• Several layers building a panel and its implementation MTTPanel, which is the top
unit in the hierarchy.
The tree structure of this geometry is then available in the event as an instance of the
so called DDCompactView.
In general, the subsystems of CMS are classified in tracker-like and calorimeter-like
types. Therefore, corresponding groups of classes are implemented, defining the geome-
try properties according to the purpose of tracking or calorimetry, respectively. Details
on this classification can be found in [11]. In the next section, the XML based geometry
description of the MTT system is explained. This geometry is to assign to the class of
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tracker-like geometries. This choice is motivated by the purpose of this detector as a
trigger system for muons.
7.2 Implementation of the MTT geometry in the CMS de-
tector description
The implementation of a new detector system in the CMS detector requires the definition
of a local coordinate system. The detector components are then arranged respectively.
The z and x-axes of this coordinate system concur with the global z and x-axes of CMS.
In addition, the local y-axis is pointing outwards radially and hence defines the thickness
of the detector units. In the following, the XML based description of these detector units
is given.
7.2.1 XML based geometry description of MTT
The detector definition of MTT in the XML based description consists of several sections
each defining different group of objects. The ConstantsSection is the first section in
which all constants/dimensions are defined by a name and a value. A snippet from this
section with the dimensions of the scintillator is shown in the listing 7.1:
<ConstantsSection label="mttalgo.xml" eval="true">
...
<Constant name="dxScnt" value="50.0*mm"/>
<Constant name="scntThick" value="5.0*mm"/>
<Constant name="dzScnt" value="50.0*mm"/>
...
</ConstantsSection>
Listing 7.1: A part of the constants section from the XML description of MTT.
According to the implementation of the geometrical shapes in Geant 4 the values are
always given as the half of the actual dimensions.
In the next section called SolidSection all solids are defined using the constants from
ConstantsSection (see listing 7.2):
<SolidSection label="mttalgo.xml">
...
<Box name="Scnt" dx="[dxScnt]" dy="[scntThick]" dz="[dzScnt]"/>
...
</SolidSection>
Listing 7.2: A part of the solid section from the XML description of MTT.
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Thereby, the box with the name Scnt represents the solid of the MTT scintillator with
10 cm length, 10 cm width and 1 cm thickness.
In LogicalPartSection the materials are assigned to the solids, as shown in listing 7.3:
<LogicalPartSection label="mttalgo.xml">
...
<LogicalPart name="Scnt" category="unspecified">
<rSolid name="Scnt"/>
<rMaterial name="materials:Scintillator"/>
</LogicalPart>
...
</LogicalPartSection>
Listing 7.3: A part of the logical parts section from the XML description of MTT.
The sensitive material of the scintillator is a generic hydrogencarbon compound with
the mass composition of mH : mC ≈ 91.5% : 8.5%. This and various other material
definitions are stored separately in a XML file called materials.xml.
In the last section of the XML description file, the positionings of the detector parts
are done either according to pre-defined algorithms or without considering these (see
listing 7.4):
<PosPartSection label="mttalgo.xml">
...
<PosPart copyNumber="1">
<rParent name="mttalgo:ScntWrap"/>
<rChild name="mttalgo:Scnt"/>
<Translation x="0*fm" y="0*fm" z="0*fm"/>
</PosPart>
...
<Algorithm name="global:DDLinear">
<rParent name="mttalgo:MTTStrip"/>
<String name="ChildName" value="mttalgo:ScntWrap"/>
<Numeric name="N" value="24"/>
<Numeric name="StartCopyNo" value="1"/>
<Numeric name="IncrCopyNo" value="1"/>
<Numeric name="Theta" value="0*deg"/>
<Numeric name="Phi" value="0*deg"/>
<Numeric name="Delta" value="0*fm"/>
<Numeric name="Delta" value="0*fm"/>
<Numeric name="Delta" value="[deltaValue]"/>
</Algorithm>
...
<Algorithm name="global:DDLinear">
<rParent name="mttalgo:StripLayer"/>
<String name="ChildName" value="mttalgo:MTTStrip"/>
<Numeric name="N" value="18"/>
<Numeric name="StartCopyNo" value="1"/>
<Numeric name="IncrCopyNo" value="1"/>
<Numeric name="Theta" value="90*deg"/>
<Numeric name="Phi" value="0*deg"/>
<Numeric name="Delta" value="0*fm"/>
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<Numeric name="Delta" value="0*fm"/>
<Numeric name="Delta" value="121*mm"/>
</Algorithm>
...
<Algorithm name="hcal:DDHCalAngular">
<rParent name="muonBase:MBWheel_2N"/>
<String name="ChildName" value="Station"/>
<String name="RotNameSpace" value="hcalrotations"/>
<Numeric name="n" value="12"/>
<Numeric name="startCopyNo" value="1"/>
<Numeric name="incrCopyNo" value="1"/>
<Numeric name="rangeAngle" value="360*deg"/>
<Numeric name="startAngle" value="270*deg"/>
<Numeric name="shiftY" value="[yLayer1]"/>
<Numeric name="shiftX" value="[xOff]"/>
<Numeric name="zoffset" value="0*fm"/>
</Algorithm>
...
</PosPartSection>
Listing 7.4: A part of the positioning parts section from the XML description of MTT.
The first example shows the placement of the scintillator box Scnt in the box repre-
senting the wrapping of the scintillator ScntWrap. This is done without considering a
specific algorithm and by just placing the box centrally. Although the possibility of a
translation with respect to the mother volume exist, in this case it is not used.
The second example illustrates the usage of an algorithm. Thereby, 24 copies of wrapped
scintillators ScntWrap are placed in a strip, whose logical volume is called MTTStrip. The
placement is done linearly by just shifting the scintillators by a certain value deltaValue
in z direction. However, it is also possible to shift in x and y directions or even to rotate
the solids to be placed by some angles Phi and Theta. In Fig. 7.1 a strip with several
tiles is shown.
Figure 7.1: An array of several MTT tiles which is called an MTT strip.
The third example is showing the placement of several strips in a layer whose logical
volume is called MTTLayer. It is basically done the same way as in the second example,
however, the strips are rotated by 90◦ in Theta. In Fig. 7.2, on the bottom, all strips in
one arbitrary layer are depicted. In the same picture, on the top, the strips are hidden
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Figure 7.2: Top: The arrangement of strips in an MTT layer. Bottom: The strips are
hidden to display the distribution of the tiles in the layer.
to allow the visibility of the tiles. The gaps in between are due to the placing of the
wrapped scintillators with fixed lengths in z direction in strips also with fixed lengths
in the same direction. In a more sophisticated geometry description, these areas can be
minimized. Furthermore, several layers in y direction can be arranged in a MTTPanel,
which is the top unit in the hierarchy. Since, in this description, a one-layer geometry
is introduced, a layer and a panel are the same. However, different scenarios has been
written in which several layers of MTT are deployed in a panel (see Fig. 7.3).
The last example represents the algorithm of the angular positioning of MTT panels
in the rings of CMS. For this purpose the positioning of the HO panels in CMS, as
described in chapter 4, has served as an example. Since there are twelve 30◦ sectors
in each CMS ring, the placement is done twelve times per ring, starting at an angle of
270◦. In addition, the panels are shifted in x and y direction by predefined values xOff
and yLayer1, respectively.
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Figure 7.3: An alternative geometry scenario for MTT in which a panel contains two
layers. In this case the layers consist of strips which are shifted slightly
towards each other, building overlap regions.
7.2.2 The numbering of the MTT components
In the detector description of CMS, each detector unit is unique by a 32 bit integer
called the DetId. The composition of this integer is depicted in Fig. 7.4.
Figure 7.4: Unique numbering scheme of CMS detectors units.
The first four bits are reserved for the subdetector to which the considered detector unit
belongs. The following three bits are marking the subsystem within the subdetector,
like DT, CSC, RPC or in this case MTT within the muon system. The remaining bits
are used to describe the location of the detector unit in a certain ring, station etc. For
MTT, the three bits after the subsystem bits are used for the station, four bits for the
sector, three bits for the ring, three bits for the layer, five bits for the strip and five bits
for the tile. With this, an MTT system consisting of seven layers each with 31 strips per
ϕ-sector can be numbered consecutively in a unique way. This would allow tiles with
only a few cm2 surface area and since the planned MTT tiles are bigger this numbering
is sufficient.
The MTT system, after the finished implementation in the CMS detector description,
is shown in Figures 7.5 and 7.6.
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Figure 7.5: All 60 MTT panels/layers (red) in the five CMS rings. To illustrate the
dimensions and relations the muon system is displayed as well.
Figure 7.6: One of the innermost muon barrel stations with an implemented MTT layer
between the HO and the inner RPC layers. Furthermore, the DT system is
visible between the inner and the outer RPC layers.
7.2.3 Setup of the generation for simulated hits
After having the geometry of MTT within CMSSW the next step is to create tools
which allow the simulation of hits when particles traverse MTT tiles. This task is han-
dled by the MTTSensitiveDetector tool, which is based on its Geant 4 counterpart. The
MTTSensitiveDetector collects the information like energy loss, time of flight or posi-
tion step by step and stores it in a hit. Afterwards this tool has to be introduced to the
general hit producer within CMSSW called the OscarProducer. The OscarProducer is
responsible for producing all hits in several subdetectors at the beginning of an event.
Furthermore, the OscarProducer gives the subdetector algorithms constraints like en-
ergy thresholds etc. All this happens in the so-called SIM step.
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7.2.4 Generation of the MTT digitizer
The simulation of the hits with Geant 4 based tools does not consider the detector re-
sponse. This information has to be added to the simulation and is performed during the
DIGI step. Since the MTT tiles are under development and the frontend electronics are
not finalized yet, only a dummy digitizer is implemented for MTT. In this digitizer, for
each simulated hit, a DIGI is applied without any constraint on its parameters like en-
ergy or inefficiencies on the electronics site like photon detection efficiency of the SiPMs
etc. Nevertheless, this digitizer is essential for the future analyzes, since the mixing
module of CMSSW requires a digitizer to mix pile up information to the signal. Only
with this, it is possible to analyze the HL-LHC conditions with high pile up and with
the extended CMS geometry by MTT.
To verify the correct behaviour of the generators for simulated hits and for the digi-
tization, which are implemented in the scope of this thesis, several basic studies are
performed in [59]. In the same master thesis, concerning the L1 track information from
the track trigger in a HL-LHC scenario, the performance of the geometry implementa-
tion is analyzed as well. In the scope of the present thesis, detection studies with the HO
system are performed, as shown in chapter 5, which are fundamental and hence more
important towards the realization of the MTT idea.

Chapter 8
Conclusion
To address the trigger challenges at high luminosities, a concept was introduced in the
CMS Internal Note 2007/058 [2], called Muon Track fast Tag (MTT). In this proposal,
the definition and partial readout of regions of interest in the tracker was foreseen by
fast tagging of muons in the barrel region just outside of the coil. The information
should be included, afterwards, in the Level 1 trigger decision to benefit from the good
momentum resolution of the tracker. The kind of tagger detector was not decided, but
upgraded resistive plate chambers were preferred. However, the trigger strategy of the
CMS experiment changed during the past few years and the current aim is to use the full
tracker in L1 decision [28]. This circumstance makes the original MTT idea obsolete and
hence the concept had to be rethought and an alternative approach has to be developed.
In the scope of this thesis, some aspects of this alternative approach are introduced
and various studies are performed to substantiate its feasibility. For the first try of the
hardware implementation of MTT an additional detector layer between the magnet coil
of CMS and the innermost muon chambers were proposed. In this thesis the space in
this region is investigated and it has been found out that it is not sufficient to implement
an additional detector system. Therefore, an alternative approach was developed com-
paring the contemplable subdetectors, the hadron outer detector and the resistive plate
chambers. The hadron outer system is preferred because of the higher granularity in
η-direction, the good time resolution of its plastic scintillators, and the less mechanical
work for the modification of the operational behaviour to trigger muons.
Several studies are done to investigate the muon detection capability of the hadron outer
system. First of all, with simulated, high energetic muons with transverse momenta of
100GeV, the energy deposition behaviour in this system and the geometrical acceptance
of this system are analyzed. The theoretical acceptance is calculated by the panel sizes
of hadron outer in η-ϕ plane to be 91% and is verified by simulation of muons. Consid-
ering only the hadron outer regions working properly, the real acceptance is determined
to be around 86%, which corresponds to 5% frontend deficiencies. Furthermore, an
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insufficient energy deposition behaviour of muons at the edges of the HO panels is ob-
served. These muons can be rejected, if necessary, by defining safety margins. Thereby,
10% of the panel dimensions is a reasonable value for these safety margins.
After a sophisticated event and object selection, the geometrical acceptance of the
hadron outer system for isolated muons from proton-proton collisions in 2012 is deter-
mined to be 84%. This acceptance, depending especially on the applied η-cut, contains
9% geometrical rejection and 7% frontend inefficiencies. In addition, the detection
efficiency of selected muons in the hadron outer system is investigated. Thereby, a com-
parison between SiPM and HPD readout was possible, since in 2009 around 7% of the
readout detectors were replaced by SiPMs. In case of HPD readout a measurement inef-
ficiency of 14% is determined, which, combined with the geometrical acceptance, leads
to a total efficency for this readout type of 72%. With a measurement inefficiency of
only 2%, the SiPM readout is more efficient resulting in a total efficiency of 82%. More-
over, a study is performed to determine the detection efficiency for muons from Z-boson
decays. Thereby, in tiles with HPD readout, no evident improvement is observed by
forcing two already very tightly selected muons to the invariant mass window of 40GeV
around the Z-boson mass of 91.2GeV. In SiPM tiles, no statistical significant amount
of muons could be obtained due to the tiny phase space allowed by the distribution of
the tiles with this readout type.
Besides the studies with muons from 2012 data also cosmic muons are analyzed which
were recorded during the global run in November 2013. The detection efficiency of these
muons with the upgraded hadron outer system can be determined to be 93%± 0.2% at
a threshold on the measured observable, ADC counts, of 50. At the same threshold the
signal purity is estimated to be 99.9% with a per-mille uncertainty.
To allow a judgment of measurement results with the first MTT prototype modules and
to predict the detector performance with different property scenarios, in this thesis a
Geant 4 simulation was set up. This simulation has served as starting point for further
sophisticated simulations, as well as, for some basic studies. After the simulation val-
idation, the angle and position distributions of out-coming photons at the end of the
fibers are investigated. The observations in this study confirm the choice of coupling
of the SiPMs to the fibers with a medium with the refractive index similar to the fiber
index and the SiPM in order to decrease the deflection of the exit angles of photons. In
addition, a qualitative comparison between a measurement on the homogeneity of the
prototypes with a grid scan using a 90Sr source and its simulation could be performed.
Moreover, in this thesis, a detector system consisting of 10 × 10 cm2 scintillators with
1 cm thickness is implemented in the geometry simulation of CMS. This system should
facilitate the future studies concerning the extension of the Level 1 muon trigger by
the additional information from MTT and allow for Monte Carlo studies delivering the
physics cases for the necessity of the MTT concept.
Chapter 9
Outlook
The CMS collaboration is currently investigating the feasibility to integrate the hadron
outer system into the L1 trigger chain for muons. As of 2016, the muon trigger will
be upgraded to allow the communication of the local trigger systems before their mea-
surements are combined in the Global Muon Trigger. This upgrade, realized by a new
data concentrator called TwinMux [80], is expected to improve the muon-momentum
measurement in the standalone muon system. Together with the data from the muon
system, the additional hadron outer information could be delivered to TwinMux.
For this purpose, efficient muon detection of HO has to be ensured. First results on
the high quality measurement of muons with the SiPM readout are given in this thesis.
They should be confirmed by the data collected in the next run period of LHC and CMS
in 2015. The best way to realize this is the definition of an independent technical trig-
ger to which the MIP measurement of HO can be piped through as a binary response.
Afterwards, the MIP detection capability of HO can be studied including a comparison
to other triggers.
Based on the high muon detection quality with real data, a trigger concept can be
developed. This concept can use the hadron outer system which can disentangle the
ambiguities in the innermost muon stations in the barrel region. Within this thesis,
these ambiguities are called ghosts whose quantities in the high luminosity operation of
LHC and CMS after 2023 (post LS3) are currently under investigation.
Furthermore, due to the higher granularity of HO in η-direction, compared to the RPC
system, the low quality measurements of RPCs can be compensated by the additional
information from HO [8]. However, at high luminosities, the amount of expected parti-
cle rates, especially of punch-through jets, can result in a tremendous occupancy of the
inner barrel muon stations. Since for higher η-values this effect will be dominant, the
granularity of the hadron outer system should be investigated especially in the outer
rings of CMS. There, the tiles of this detector have dimensions of up to 40 × 60 cm2,
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which can be insufficient to identify ambiguities or improve RPC measurements in the
innermost barrel stations. If higher granularities are needed, proposed MTT detectors
could be used as a future HO upgrade not only concerning the frontend electronics but
also the tile sizes.
The reduction of the single muon trigger rate, which is another trigger challenge in post-
LS3 operation, will be done substantially by considering the momentum measurement of
the tracker at L1. However, the tracker will not be able to identify the muons itself and
additional information from outside will be needed. A possible approach is to use the
barrel track finders which, undoubtedly, are very sensitive to muons since for their mea-
surements several layers are available. Another solution can be the usage of a fast tagger
like HO (or MTT) which can deliver a desired muon identification of similar quality to
the tracker faster by improving the time consumption of the tracker based triggering on
L1. For this purpose regions of interest could be defined, like it was proposed in the
initial idea of MTT, which are than considered by the trigger algorithms exclusively.
Besides these considerations, various muon trigger scenarios can be investigated with-
out modifying the HO description by using the MTT geometry included in CMSSW.
Therefore, the basic digitizer, currently implemented in the MTT description, has to be
improved by the consideration of detector specific values which are obtained in various
measurements. This will allow the direct comparison between these both systems and
hence the prediction of the effect of changes made.
The studies, performed in this thesis, show that the HO system is capable of muon
detection with very high quality. The possible extension of the CMS muon trigger chain
by HO or MTT, which needs to be studied and implemented over the next years, offers
a promising solution to some of the upcoming challenges for the CMS muon trigger in
Level 1.
Appendix A
The content of the SingleMu
trigger
Table A.1: The content of the SingleMu trigger during proton proton collisions in 2012
at the instantaneous luminosity of 8 · 1033 cm−2s−1. In the first column,
the HLT paths and in the second column, the corresponding L1 seeds are
shown. Some of the HLT paths can be seeded by a group of L1 seeds. In
these cases only one seed is given representatively.
HLT path L1 seed
HLT IsoMu17 eta2p1 CentralPFNoPUJet30 BTagIPIter v5 L1 SingleMu14er
HLT IsoMu17 eta2p1 CentralPFNoPUJet30 v5 L1 SingleMu14er
HLT IsoMu17 eta2p1 DiCentralPFNoPUJet30 v5 L1 SingleMu14er
HLT IsoMu17 eta2p1 TriCentralPFNoPUJet30 v5 L1 SingleMu14er
HLT IsoMu17 eta2p1 TriCentralPFNoPUJet45 35 25 v3 L1 SingleMu14er
HLT IsoMu18 CentralPFJet30 CentralPFJet25 PFMET20 v2 L1 SingleMu16
HLT IsoMu18 CentralPFJet30 CentralPFJet25 v2 L1 SingleMu16
HLT IsoMu18 PFJet30 PFJet25 Deta3 CentralPFJet25 v2 L1 SingleMu16
HLT IsoMu18 PFJet30 PFJet25 Deta3 v2 L1 SingleMu16
HLT IsoMu20 WCandPt80 v5 L1 SingleMu16
HLT IsoMu20 eta2p1 CentralPFJet80 v10 L1 SingleMu16er
HLT IsoMu20 eta2p1 v8 L1 SingleMu16er
HLT IsoMu24 eta2p1 v16 L1 SingleMu16er
HLT IsoMu24 v18 L1 SingleMu16
HLT IsoMu30 eta2p1 v16 L1 SingleMu16er
HLT IsoMu30 v12 L1 SingleMu16
HLT IsoMu34 eta2p1 v14 L1 SingleMu16er
HLT IsoMu40 eta2p1 v11 L1 SingleMu16er
HLT L2Mu70 2Cha eta2p1 PFMET55 v3 L1 SingleMu16er
HLT L2Mu70 2Cha eta2p1 PFMET60 v3 L1 SingleMu16er
HLT Mu12 eta2p1 DiCentral 20 v9 L1 Mu10er JetC12 WdEtaPhi1 DoubleJetC 20 12, . . .
HLT Mu12 eta2p1 DiCentral 40 20 BTagIP3D1stTrack v9 L1 Mu10er JetC12 WdEtaPhi1 DoubleJetC 20 12, . . .
HLT Mu12 eta2p1 DiCentral 40 20 DiBTagIP3D1stTrack v9 L1 Mu10er JetC12 WdEtaPhi1 DoubleJetC 20 12, . . .
HLT Mu12 eta2p1 DiCentral 40 20 v9 L1 Mu10er JetC12 WdEtaPhi1 DoubleJetC 20 12, . . .
HLT Mu12 eta2p1 L1Mu10erJetC12WdEtaPhi1DiJetsC v8 L1 Mu10er JetC12 WdEtaPhi1 DoubleJetC 20 12, . . .
HLT Mu12 v19 L1 Mu10er JetC12 WdEtaPhi1 DoubleJetC 20 12, . . .
HLT Mu15 eta2p1 DiCentral 20 v2 L1 SingleMu7
HLT Mu15 eta2p1 DiCentral 40 20 v2 L1 Mu10er JetC12 WdEtaPhi1 DoubleJetC 20 12, . . .
HLT Mu15 eta2p1 L1Mu10erJetC12WdEtaPhi1DiJetsC v4 L1 Mu10er JetC12 WdEtaPhi1 DoubleJetC 20 12, . . .
HLT Mu15 eta2p1 TriCentral 40 20 20 BTagIP3D1stTrack v9 L1 Mu10er JetC12 WdEtaPhi1 DoubleJetC 20 12, . . .
HLT Mu15 eta2p1 TriCentral 40 20 20 DiBTagIP3D1stTrack v9 L1 Mu10er JetC12 WdEtaPhi1 DoubleJetC 20 12, . . .
HLT Mu15 eta2p1 TriCentral 40 20 20 v9 L1 Mu10er JetC12 WdEtaPhi1 DoubleJetC 20 12, . . .
HLT Mu15 eta2p1 v6 L1 Mu10er JetC12 WdEtaPhi1 DoubleJetC 20 12, . . .
HLT Mu17 eta2p1 CentralPFNoPUJet30 BTagIPIter v5 L1 SingleMu7
HLT Mu17 eta2p1 TriCentralPFNoPUJet45 35 25 v3 L1 SingleMu14er
HLT Mu18 CentralPFJet30 CentralPFJet25 v2 L1 SingleMu14er
HLT Mu18 PFJet30 PFJet25 Deta3 CentralPFJet25 v2 L1 SingleMu16
HLT Mu24 eta2p1 v6 L1 SingleMu16
HLT Mu24 v17 L1 SingleMu16er
HLT Mu30 eta2p1 v6 L1 SingleMu16
HLT Mu30 v17 L1 SingleMu16er
HLT Mu40 eta2p1 Track50 dEdx3p6 v6 L1 SingleMu16
HLT Mu40 eta2p1 Track60 dEdx3p7 v6 L1 SingleMu16er
HLT Mu40 eta2p1 v12 L1 SingleMu16er
HLT Mu40 v15 L1 SingleMu16er
HLT Mu50 eta2p1 v9 L1 SingleMu16
HLT Mu5 v21 L1 SingleMu16er
HLT RelIso1p0Mu20 v4 L1 SingleMu3
HLT RelIso1p0Mu5 v7 L1 SingleMu3
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Appendix B
Dead channel list of the hadron
outer system
The information about the dead channels of the hadron outer calorimeter listed here is
obtained from [50].
Table B.1: Six HO towers, which are non-existent because of the CMS chimneys.
iη iϕ
-5 11
-5 12
-5 13
-5 14
5 18
5 19
Table B.2: Seven dead channels in ring 0. The red ones are identified as dead in Novem-
ber 2009 during the run 120041 as from the frontends no data has been sent
to the corresponding HTRs (Savannah issue 12607). The remaining channels
in black are identified as dead before the cosmic run at four tesla (CRAFT)
in 2009 started (Savannah issue 9950).
iη iϕ
-4 37
-4 38
-4 43
-4 44
-3 59
-2 59
-1 59
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Table B.3: 20 dead channels in the rings ±1. The red ones are identified as dead
in November 2009 during the run 120041 as from the frontends no data
has been sent to the corresponding HTRs (Savannah issue 12607). The
channel highlighted in blue was identified as dead in Jan 2011 (Savannah
issue 13567). The remaining channels in black are identified as dead before
the cosmic run at four tesla (CRAFT) in 2009 started (Savannah issue 9950).
iη iϕ
-10 38
-10 39
-10 40
-10 41
-10 42
-10 43
-9 38
-9 39
-9 40
-8 5
iη iϕ
-8 6
-8 7
-6 10
-5 8
5 35
5 36
5 37
6 35
6 36
6 37
Table B.4: 18 dead channels in the ring -1. The HPDs of these channels are off because
of high discharge rates observed in 2010 and 2011.
iη iϕ
-10 56
-10 57
-10 58
-9 56
-9 57
-9 58
-8 56
-8 57
-8 58
iη iϕ
-7 56
-7 57
-7 58
-6 56
-6 57
-6 58
-5 56
-5 57
-5 58
Table B.5: Three dead channels in ring -2 from whose frontends no data has been sent
to the corresponding HTRs in run 120041 in November 2009 (Savannah
issue 12607).
iη iϕ
15 23
15 24
15 25
Appendix C
Muon stopping power in plastic
scintillators
Muons in polyvinyltoluene [(2-CH3C6H4CHCH2)n]
〈Z/A〉 ρ [g/cm3] I [eV] a k = ms x0 x1 C δ0
0.54141 1.032 64.7 0.16101 3.2393 0.1464 2.4855 3.1997 0.00
T p Ionization Brems Pair prod Photonucl Total CSDA range
[MeV/c] [MeV cm2/g] [g/cm2]
10.0 MeV 4.704× 101 7.917 7.917 6.971× 10−1
14.0 MeV 5.616× 101 6.171 6.171 1.275× 100
20.0 MeV 6.802× 101 4.816 4.816 2.389× 100
30.0 MeV 8.509× 101 3.734 3.734 4.780× 100
40.0 MeV 1.003× 102 3.187 3.187 7.698× 100
80.0 MeV 1.527× 102 2.388 2.388 2.266× 101
100. MeV 1.764× 102 2.237 2.237 3.133× 101
140. MeV 2.218× 102 2.082 2.082 4.996× 101
200. MeV 2.868× 102 1.992 1.992 7.954× 101
300. MeV 3.917× 102 1.957 0.000 1.957 1.303× 102
325. MeV 4.171× 102 1.956 0.000 1.956 Minimum ionization
400. MeV 4.945× 102 1.962 0.000 1.962 1.814× 102
800. MeV 8.995× 102 2.033 0.000 0.000 2.034 3.817× 102
1.00 GeV 1.101× 103 2.066 0.000 0.000 2.067 4.792× 102
1.40 GeV 1.502× 103 2.120 0.000 0.001 2.121 6.702× 102
2.00 GeV 2.103× 103 2.179 0.000 0.000 0.001 2.181 9.489× 102
3.00 GeV 3.104× 103 2.246 0.001 0.001 0.001 2.249 1.400× 103
4.00 GeV 4.104× 103 2.293 0.001 0.001 0.002 2.297 1.840× 103
8.00 GeV 8.105× 103 2.400 0.003 0.003 0.004 2.410 3.534× 103
10.0 GeV 1.011× 104 2.433 0.004 0.004 0.005 2.445 4.358× 103
14.0 GeV 1.411× 104 2.480 0.006 0.006 0.007 2.499 5.975× 103
20.0 GeV 2.011× 104 2.528 0.009 0.010 0.009 2.557 8.347× 103
30.0 GeV 3.011× 104 2.580 0.015 0.018 0.014 2.627 1.220× 104
40.0 GeV 4.011× 104 2.615 0.021 0.027 0.018 2.681 1.597× 104
80.0 GeV 8.011× 104 2.697 0.048 0.065 0.035 2.845 3.043× 104
100. GeV 1.001× 105 2.722 0.063 0.086 0.043 2.914 3.737× 104
140. GeV 1.401× 105 2.760 0.093 0.129 0.060 3.042 5.080× 104
200. GeV 2.001× 105 2.800 0.140 0.198 0.084 3.223 6.995× 104
300. GeV 3.001× 105 2.845 0.222 0.315 0.126 3.509 9.968× 104
400. GeV 4.001× 105 2.877 0.306 0.438 0.169 3.789 1.271× 105
800. GeV 8.001× 105 2.954 0.659 0.948 0.341 4.902 2.196× 105
1.00 TeV 1.000× 106 2.980 0.841 1.212 0.428 5.461 2.583× 105
1.19 TeV 1.195× 106 3.000 1.019 1.466 0.515 6.000 Muon critical energy
1.40 TeV 1.400× 106 3.018 1.209 1.738 0.607 6.572 3.250× 105
2.00 TeV 2.000× 106 3.059 1.774 2.544 0.879 8.257 4.063× 105
3.00 TeV 3.000× 106 3.106 2.723 3.887 1.347 11.064 5.105× 105
4.00 TeV 4.000× 106 3.141 3.688 5.250 1.823 13.903 5.910× 105
8.00 TeV 8.000× 106 3.225 7.602 10.741 3.807 25.375 8.009× 105
10.0 TeV 1.000× 107 3.252 9.582 13.508 4.829 31.172 8.719× 105
14.0 TeV 1.400× 107 3.294 13.534 19.019 6.936 42.785 9.810× 105
20.0 TeV 2.000× 107 3.340 19.515 27.334 10.175 60.364 1.098× 106
30.0 TeV 3.000× 107 3.392 29.475 41.167 15.798 89.833 1.233× 106
40.0 TeV 4.000× 107 3.430 39.492 55.046 21.570 119.539 1.330× 106
80.0 TeV 8.000× 107 3.523 79.640 110.613 45.811 239.587 1.561× 106
100. TeV 1.000× 108 3.554 99.763 138.430 58.382 300.129 1.636× 106
Figure C.1: The muon stopping power in polyvinyltoluene (plastic scintillator) for dif-
ferent energies.
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